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�¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°, „Ê¡´ 

�·¥¤¸É ¢²¥´ µ¡§µ· Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨ É¥µ·¥É¨Î¥¸±¨Ì ¨¸¸²¥¤µ¢ ´¨° £²Ê¡µ±µ´¥Ê¶·Ê£µ£µ
· ¸¸¥Ö´¨Ö (ƒ��) ²¥¶Éµ´µ¢ ´  Ö¤¥·´ÒÌ ³¨Ï¥´ÖÌ. �Î¥·Î¥´Ò µ¸´µ¢´Ò¥ ¶·µ¡²¥³Ò, ±µÉµ·Ò¥ ´¥-
µ¡Ìµ¤¨³µ ·¥Ï¨ÉÓ ¶·¨  ´ ²¨§¥ x- ¨ A-§ ¢¨¸¨³µ¸É¥° ¸¥Î¥´¨° ƒ��. �´ ²¨§¨·Ê¥É¸Ö ·Ö¤ ³µ¤¥²¥°,
¶·¥¤² £ ¢Ï¨Ì¸Ö ¤²Ö ¨§ÊÎ¥´¨Ö ¢±² ¤  Ö¤¥·´ÒÌ ÔËË¥±Éµ¢ ¢ ¸É·Ê±ÉÊ·´Ò¥ ËÊ´±Í¨¨ F2(x). � §· -
¡µÉ ´ ¨ ·¥ ²¨§µ¢ ´ ·¥²ÖÉ¨¢¨¸É¸±¨° É¥µ·¥É¨±µ-¶µ²¥¢µ° ¶µ¤Ìµ¤ ¤²Ö · ¸¸³µÉ·¥´¨Ö ƒ�� ²¥¶Éµ´µ¢
´  ²¥£Î °Ï¨Ì Ö¤· Ì. ‚¶¥·¢Ò¥ ¢ · ³± Ì ¥¤¨´µ£µ ¶µ¤Ìµ¤  ¢Ò¶µ²´¥´µ ¨¸¸²¥¤µ¢ ´¨¥ ³µ¤¨Ë¨± Í¨¨
¸É·Ê±ÉÊ·Ò ´Ê±²µ´  ¢ D, 3H, 3He ¨ 4He. � °¤¥´µ, ÎÉµ Ô¢µ²ÕÍ¨Ö ³µ¤¨Ë¨± Í¨° ¶µ²´µ¸ÉÓÕ µÉ-
²¨Î ¥É¸Ö µÉ Ô¢µ²ÕÍ¨¨, ´ ¡²Õ¤ ¢Ï¥°¸Ö · ´¥¥ ¤²Ö ÉÖ¦¥²ÒÌ Ö¤¥·. ‚ Î ¸É´µ¸É¨, µ¡´ ·Ê¦¥´µ, ÎÉµ

± ·É¨´  ³µ¤¨Ë¨± Í¨° F2(x), ¶·¥¤¸É ¢²¥´´ Ö ¢ É¥·³¨´ Ì µÉ´µÏ¥´¨° F
A

2 /F
N(D)
2 , µ¶·¥¤¥²Ö¥É¸Ö

§´ Î¥´¨Ö³¨ (1−x3) = 0,32 (D/N), 0,16 (3He/D) ¨ 0,08 (4He/D). �µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶µ§¢µ²ÖÕÉ
µ¶·¥¤¥²¨ÉÓ ±² ¸¸ ³µ¤¨Ë¨± Í¨° ¸É·Ê±ÉÊ·Ò ¸¢Ö§ ´´µ£µ ´Ê±²µ´  ¨ ¢¢¥¸É¨ ¥¤¨´¨ÍÊ ³µ¤¨Ë¨± Í¨¨
¸É·Ê±ÉÊ·Ò ´Ê±²µ´ . �µ²ÊÎ¥´µ É ±¦¥ É¥µ·¥É¨Î¥¸±µ¥ µ¡µ¸´µ¢ ´¨¥ ±µ´Í¥¶Í¨¨ ¤¢ÊÌÔÉ ¶´µ° Ô¢µ²Õ-
Í¨¨ ¸É·Ê±ÉÊ·Ò ´Ê±²µ´  ± ± ËÊ´±Í¨¨ A, ¶·µ¨¸Ìµ¤ÖÐ¥° ´  ¶¥·¢µ³ ÔÉ ¶¥ ¤²Ö A ≤ 4, ¨ § É¥³
¤²Ö A > 4. „ ¢´ÖÖ ¶·µ¡²¥³  ¶·¨·µ¤Ò …Œ‘-ÔËË¥±É  ¶µ´¨³ ¥É¸Ö ± ± ³µ¤¨Ë¨± Í¨Ö ¸É·Ê±ÉÊ·Ò
´Ê±²µ´  ¢ ¶µ²¥ Ö¤¥·´ÒÌ ¸¨² É·¥Ì´Ê±²µ´´µ° ¸¢Ö§ ´´µ° ¸¨¸É¥³Ò.

The review of the experimental and theoretical studies of the deep inelastic scattering (DIS) of
leptons on nuclear targets is presented. The basic problems which have to be solved in the analysis
of the x and A dependence of the DIS cross sections are outlined. A number of models suggested
for the studies of the nuclear effects in structure functions F2(x) are analyzed. The relativistic ˇeld
theory approach is developed and realized for the consideration of the DIS of leptons off the lightest
nuclei. It made it possible to investigate for the ˇrst time in the framework of the single approach the
modiˇcations of the free nucleon structure in D, 3H, 3He and 4He. It is obtained that the evolution
of the modiˇcations is totally different from that observed previously for heavy nuclei. In particular it
is found that the pattern of F2(x) modiˇcations is controlled with the values (1− x3) = 0.32 (D/N),
0.16 (3He/D) and 0.08 (4He/D). The obtained results allow one to deˇne the class of modiˇcations
of the bound nucleon structure and to introduce the unit of the nucleon structure modiˇcation. The
theoretical basis is thus obtained for the concept of the two-stage evolution of the nucleon structure
as a function of A, which ˇrst occurs for A ≤ 4 and then for A > 4. The long-standing problem of
the origin of the EMC effect is understood as the modiˇcation of the nucleon structure in the ˇeld
responsible for the binding forces in a three-nucleon system.

1. ‚‚…„…�ˆ…

�·µÉµ´ ¨ ´¥°É·µ´ ´ ¨¡µ²¥¥ ¸ÊÐ¥¸É¢¥´´Ò³ µ¡· §µ³ µÉ²¨Î ÕÉ¸Ö µÉ ¢¸¥Ì
¤·Ê£¨Ì ¶·¥¤¸É ¢¨É¥²¥° µ¡Ï¨·´µ£µ ¸¥³¥°¸É¢   ¤·µ´µ¢ É¥³, ÎÉµ ¢·¥³Ö ¨Ì ¦¨§´¨
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¢ ¸¢µ¡µ¤´µ³ ¸µ¸ÉµÖ´¨¨ µÎ¥´Ó ¢¥²¨±µ: ∼ 890 ¸ ¤²Ö ´¥°É·µ´  ¨ ¶· ±É¨Î¥¸±¨
¡¥¸±µ´¥Î´µ ¤²Ö ¶·µÉµ´ . �Éµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ ¤¥² ¥É ¨Ì £² ¢´Ò³ ¨¸ÉµÎ´¨-
±µ³ Ô±¸¶¥·¨³¥´É ²Ó´µ° ¨´Ëµ·³ Í¨¨ µ ¸É·Ê±ÉÊ·¥ ¸¨²Ó´µ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì
Î ¸É¨Í. �¡Ñ¥±É, ±µÉµ·Ò° µ¡µ¡Ð ¥É ¨³¥´  ÔÉ¨Ì ¤¢ÊÌ Î ¸É¨Í, ´ §Ò¢ ÕÉ ´Ê±²µ-
´µ³ ¨ · ¸¸³ É·¨¢ ÕÉ ± ± ±µ´¸É¨ÉÊ¥´É ¸ ³µ£µ ³ ²µ£µ ¶·¥¤¸É ¢¨É¥²Ö ³ ±·µ-
³¨·  Å  Éµ³´µ£µ Ö¤· . ‚´ÊÉ·¨ Ö¤·  ´Ê±²µ´Ò ¸É ¡¨²Ó´Ò, Î¥³ µ¡ÑÖ¸´Ö¥É¸Ö
Ï¨·µ±µ¥ ¶·¨³¥´¥´¨¥ Ö¤¥·´ÒÌ ³¨Ï¥´¥° ¢ Ô±¸¶¥·¨³¥´É Ì ¶µ Ë¨§¨±¥ ¢Ò¸µ±¨Ì
Ô´¥·£¨°. ƒ²Ê¡µ±µ´¥Ê¶·Ê£µ¥ · ¸¸¥Ö´¨¥ (ƒ��) ²¥¶Éµ´µ¢ ´  ¸¢µ¡µ¤´ÒÌ ¶·µÉµ-
´ Ì ¨ ´Ê±²µ´ Ì Ö¤·  A ¤ ²µ ¢µ§³µ¦´µ¸ÉÓ µ¡´ ·Ê¦¨ÉÓ ´Ê±²µ´´Ò¥ ±µ´¸É¨-
ÉÊ¥´ÉÒ Å ±¢ ·±¨ Å ¨ ¸É ²µ µ¸´µ¢´Ò³ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ³¥Éµ¤µ³ ¨¸¸²¥-
¤µ¢ ´¨Ö ¸É·Ê±ÉÊ·Ò  ¤·µ´µ¢.

‚ ¶·µÍ¥¸¸¥ · ¸¸¥Ö´¨Ö:

l+A→ l′ +X (1)

²¥¶Éµ´ l ¸ ¨³¶Ê²Ó¸µ³ k · ¸¸¥¨¢ ¥É¸Ö ´  Ö¤·¥ A ¸ ´ Î ²Ó´Ò³ Î¥ÉÒ·¥Ì¨³¶Ê²Ó-
¸µ³ P ¸ ¡µ²ÓÏµ° ¶¥·¥¤ Î¥° Î¥ÉÒ·¥Ì¨³¶Ê²Ó¸  q = k − k′. ‚ ¨´±²Õ§¨¢´µ°
¶µ¸É ´µ¢±¥ µ¶ÒÉµ¢ ¶µ ƒ�� ·¥£¨¸É·¨·Ê¥É¸Ö Éµ²Ó±µ ±µ´¥Î´Ò° ²¥¶Éµ´ ¸ ¨³-
¶Ê²Ó¸µ³ k′,   ¸ ¶µ³µÐÓÕ X µ¡µ§´ Î ÕÉ ´¥´ ¡²Õ¤ ¥³µ¥ ±µ´¥Î´µ¥  ¤·µ´´µ¥
¸µ¸ÉµÖ´¨¥ ·¥ ±Í¨¨. ‚ ´¨§Ï¥³ ¶µ·Ö¤±¥ ¶µ ±µ´¸É ´É¥ Ô²¥±É·µ³ £´¨É´µ£µ ¢§ ¨-
³µ¤¥°¸É¢¨Ö α=e2/4π ÔÉµÉ ¶·µÍ¥¸¸ ³µ¦´µ ¸Ì¥³ É¨Î¥¸±¨ ¨§µ¡· §¨ÉÓ ¤¨ £· ³-
³µ° µ¤´µËµÉµ´´µ£µ µ¡³¥´  (·¨¸.1).

�¨¸. 1. „¨ £· ³³ , ¸Ì¥³ É¨Î¥¸±¨ ¶·¥¤-
¸É ¢²ÖÕÐ Ö ¶·µÍ¥¸¸ ƒ�� ¢ µ¤´µËµÉµ´-
´µ³ ¶·¨¡²¨¦¥´¨¨

‚ · ¸¸³ É·¨¢ ¥³µ³ ¶·¨¡²¨¦¥´¨¨
¸¥Î¥´¨¥ ·¥ ±Í¨¨ (1) ³µ¦¥É ¡ÒÉÓ § ¶¨-
¸ ´µ ¢ ¢¨¤¥ ¸¢¥·É±¨  ¤·µ´´µ£µ ¨ ²¥¶-
Éµ´´µ£µ É¥´§µ·µ¢ [1]:

dσ̄ ∝ α2

q4
Lµν(k, k′)Wµν(P, q). (2)

‹¥¶Éµ´´Ò° É¥´§µ· Lµν µ¶¨¸Ò¢ ¥É ¨§²Ê-
Î¥´¨¥ ²¥¶Éµ´µ³ ¦¥¸É±µ£µ ËµÉµ´ . �µ-
¸±µ²Ó±Ê ²¥¶Éµ´ ¶·¥¤¶µ² £ ¥É¸Ö ÉµÎ¥Î-
´Ò³, Éµ ¢Ò· ¦¥´¨¥ ¤²Ö Lµν ¨³¥¥É ¶·µ-
¸Éµ° ¢¨¤:

Lµν(k, k
′) =

1

2

∑
s′

ūs
′
(k′)γµu

s(k)ūs(k)γνu
s′(k′). (3)

‚¸Ö ¨´Ëµ·³ Í¨Ö µ ³¨Ï¥´¨ ¨ ¥¥ Ö¤¥·´ÒÌ ¸¢µ°¸É¢ Ì ¸µ¤¥·¦¨É¸Ö ¢  ¤·µ´-
´µ³ É¥´§µ·¥, ±µÉµ·Ò° ¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤:

Wµν(P, q) =
1

2

∑
n

〈P |J+
µ |n〉〈n|Jν |P 〉(2π)4δ4(P + q − pn). (4)
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�Éµ µ¶·¥¤¥²¥´¨¥ ¶µ§¢µ²Ö¥É ¸¢Ö§ ÉÓ  ¤·µ´´Ò° É¥´§µ· Ö¤·  ¸  ³¶²¨ÉÊ¤µ° ±µ³¶-
Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ¢¶¥·¥¤ ¸ ¶µ³µÐÓÕ ¸µµÉ´µÏ¥´¨Ö Ê´¨É ·´µ¸É¨:

Wµν(P, q) =
1

2π
ImTµν(P, q). (5)

‚ ¸²ÊÎ ¥ · ¸¸¥Ö´¨Ö Ô²¥±É·µ´  (³Õµ´ ) ´  ´¥¶µ²Ö·¨§µ¢ ´´µ° ³¨Ï¥´¨ ´ ¨-
¡µ²¥¥ µ¡Ð Ö Ëµ·³  É¥´§µ·  Wµν ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ± ±

Wµν(P, q) = W1(ν, q
2)gµν +

W2(ν, q
2)

M2
PµP ν+

+
W4(ν, q

2)

M2
qµqν +

W5(ν, q
2)

M2
(Pµqν + qµP ν), (6)

£¤¥ ν = q0 Å Ô´¥·£¨Ö ËµÉµ´ ,   Wi Å ¸É·Ê±ÉÊ·´Ò¥ ËÊ´±Í¨¨ ³¨Ï¥´¨. ‚¸²¥¤-
¸É¢¨¥ Ê¸²µ¢¨Ö ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨

qµW
µν(P, q) = 0 (7)

 ¤·µ´´Ò° É¥´§µ· § ¢¨¸¨É Éµ²Ó±µ µÉ ¤¢ÊÌ ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨°:

Wµν(P, q) = W1(ν, q
2)

(
−gµν +

qµqν

q2

)
+

+
W2(ν, q

2)

M2

(
Pµ −

P · q
q2

qµ

)(
Pν −

P · q
q2

qν

)
.

‚ ¡Ó¥·±¥´µ¢¸±µ³ ¶·¥¤¥²¥ (−q2 = Q2 →∞, ν →∞) ·¥ ²¨§Ê¥É¸Ö Ê¸²µ¢¨¥ ³ ¸-
ÏÉ ¡´µ° ¨´¢ ·¨ ´É´µ¸É¨, ÎÉµ ¶µ§¢µ²Ö¥É ¶¥·¥°É¨ ± ¸É·Ê±ÉÊ·´Ò³ ËÊ´±Í¨Ö³,
´¥ § ¢¨¸ÖÐ¨³ µÉ q2:

MW1(ν, q
2)→ F1(x),

νW2(ν, q
2)→ F2(x), (8)

£¤¥ F1 ¨ F2 Å ³ ¸ÏÉ ¡´µ-¨´¢ ·¨ ´É´Ò¥ ¸É·Ê±ÉÊ·´Ò¥ ËÊ´±Í¨¨ (‘”),
  x = −q2/(P · q) Å ´µ¢ Ö ³ ¸ÏÉ ¡´µ-¨´¢ ·¨ ´É´ Ö ¶¥·¥³¥´´ Ö, ¨´µ£¤ 
´ §Ò¢ ¥³ Ö x �Ó¥·±¥´ . ‘ ÊÎ¥Éµ³ (8) Wµν § ¶¨¸Ò¢ ¥É¸Ö ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

Wµν(P, q) =

(
−gµν +

qµqν

q2

)
F1(x)+

+
1

P · q

(
Pµ −

P · q
q2

qµ

)(
Pν −

P · q
q2

qν

)
F2(x). (9)
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�¨µ´¥·¸±¨¥ Ô±¸¶¥·¨³¥´ÉÒ ¢ SLAC ¢ ±µ´Í¥ Ï¥¸É¨¤¥¸ÖÉÒÌ £µ¤µ¢, ¢ ±µ-
Éµ·ÒÌ ¡Ò²  µ¡´ ·Ê¦¥´  ³ ¸ÏÉ ¡´ Ö ¨´¢ ·¨ ´É´µ¸ÉÓ ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨°
´Ê±²µ´ , ¸¶µ¸µ¡¸É¢µ¢ ²¨ ¸É ´µ¢²¥´¨Õ ¨ · §¢¨É¨Õ ±¢ ·±-¶ ·Éµ´´ÒÌ ³µ¤¥-
²¥°  ¤·µ´µ¢. ‘¶Ê¸ÉÖ ¤¥¸ÖÉÓ ²¥É Ô±¸¶¥·¨³¥´ÉÒ ´µ¢µ£µ ¶µ±µ²¥´¨Ö ¶µ¤É¢¥·¤¨²¨
¶·¥¤¸± § ´´µ¥ ²µ£ ·¨Ë³¨Î¥¸±µ¥ ´ ·ÊÏ¥´¨¥ ³ ¸ÏÉ ¡´µ° ¨´¢ ·¨ ´É´µ¸É¨, ÎÉµ
¸É ²µ µ¸´µ¢µ° ¤²Ö · §¢¨É¨Ö ±¢ ´Éµ¢µ° Ì·µ³µ¤¨´ ³¨±¨ (Š•„) ± ± É¥µ·¨¨
¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°. „ ²Ó´¥°Ï¨¥ ¨¸¸²¥¤µ¢ ´¨Ö ¨§µ¸¶¨´µ¢µ°  ¸¨³³¥É·¨¨
¢ ƒ�� ¨ Ô±¸¶¥·¨³¥´ÉÒ ¸ ¶µ²Ö·¨§µ¢ ´´Ò³¨ ³¨Ï¥´Ö³¨ ¨ ¶¥·¢¨Î´Ò³¨ Î ¸É¨-
Í ³¨ ¶µ± § ²¨, ÎÉµ ¸ÊÐ¥¸É¢µ¢ ¢Ï¨¥ ¢ Éµ ¢·¥³Ö ¶·¥¤¸É ¢²¥´¨Ö µ ¸¶¨´µ¢µ°
¨ ¨§µ¸¶¨´µ¢µ° ¸É·Ê±ÉÊ·¥ ´Ê±²µ´  ´¥ ¸µ£² ¸ÊÕÉ¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ·¥-
§Ê²ÓÉ É ³¨ [2]. ‚µ§³µ¦´ Ö ¨´É¥·¶·¥É Í¨Ö ¤µ¶Ê¸± ²  ¶·¥¤¶µ²µ¦¥´¨¥ µ ´ -
·ÊÏ¥´¨¨ ¨§µ¸¶¨´µ¢µ° ¸¨³³¥É·¨¨ ±¢ ·±µ¢ ¢ ´Ê±²µ´¥. ‘É ²µ µÎ¥¢¨¤´µ, ÎÉµ
·¥ ²Ó´ Ö ± ·É¨´  ¢´ÊÉ·¥´´¥° ¸É·Ê±ÉÊ·Ò ´Ê±²µ´  ´ ³´µ£µ ¸²µ¦´¥¥, Î¥³ ÔÉµ
¶·¥¤¶µ² £ ²µ¸Ó ¢ ±¢ ·±-¶ ·Éµ´´µ° ³µ¤¥²¨. ’¥³ ¸ ³Ò³ ¡Ò² ¸É¨³Ê²¨·µ¢ ´ ¨´-
É¥·¥¸ ± ¶·¥Í¨§¨µ´´Ò³ ¶·µ¢¥·± ³ ¸¶· ¢¥¤²¨¢µ¸É¨ ¶· ¢¨² ¸Ê³³ (�‘) ƒµÉÉ-
Ë·¨¤  [3], �²²¨¸ Å„¦ ËË¥ [4] ¨ �Ó¥·±¥´  [5].

‘¢Ö§ ´´µ¸ÉÓ ´Ê±²µ´´ÒÌ ±µ´¸É¨ÉÊ¥´Éµ¢ (±¢ ·±µ¢ ¨ £²Õµ´µ¢) µ¡² ¤ ¥É Ê´¨-
± ²Ó´µ° µ¸µ¡¥´´µ¸ÉÓÕ ¸µÌ· ´ÖÉÓ Í¥²µ¸É´µ¸ÉÓ ¸É·Ê±ÉÊ·Ò ´Ê±²µ´  ¶·¨ ²Õ¡ÒÌ
¤µ¸ÉÊ¶´ÒÌ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¶¥·¥¤ Î Ì Ô´¥·£¨¨. �¥ ¨¸±²ÕÎ¥´µ É ±¦¥, ÎÉµ
´¥¢Ò²¥É ´¨¥ ±¢ ·±µ¢ ¨§ ´Ê±²µ´  Ö¢²Ö¥É¸Ö ¥£µ ËÊ´¤ ³¥´É ²Ó´Ò³ ¸¢µ°¸É¢µ³,
±µÉµ·µ¥ ¸µÌ· ´¨É¸Ö ¨ ¶·¨ ¡�µ²ÓÏ¨Ì Ô´¥·£¨ÖÌ. �Éµ Ö¢²¥´¨¥, ¨§¢¥¸É´µ¥ ± ± ±µ´-
Ë °´³¥´É, ¶·¥¶ÖÉ¸É¢Ê¥É ¶·Ö³µ³Ê, ¸¢µ¡µ¤´µ³Ê µÉ ³µ¤¥²Ó´ÒÌ ¶·¥¤¸É ¢²¥´¨°
¨¸¸²¥¤µ¢ ´¨Õ ¸É·Ê±ÉÊ·Ò ´Ê±²µ´ . ‘±·ÒÉÒ¥ µÉ ´ ¡²Õ¤ É¥²Ö ¤¥É ²¨ ¸É·Ê±-
ÉÊ·Ò ³µ¦´µ ¸· ¢´¨ÉÓ ¸ ¸µ¤¥·¦ ´¨¥³ Î¥·´µ£µ ÖÐ¨± , ¸É ´¤ ·É´Ò¥ ³¥Éµ¤Ò
¨¸¸²¥¤µ¢ ´¨Ö ±µÉµ·µ£µ § ±²ÕÎ ÕÉ¸Ö ¢ ¨§ÊÎ¥´¨¨ § ¢¨¸¨³µ¸É¨ µÉ±²¨±  ¨¸¸²¥-
¤Ê¥³µ£µ µ¡Ñ¥±É  µÉ ¢ ·¨ Í¨° ¢µ§¤¥°¸É¢¨Ö. �·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ · §²¨Î´ÒÌ
¶·¥¤¶µ²µ¦¥´¨° µ ¢´ÊÉ·¥´´¥° ¸É·Ê±ÉÊ·¥ ´Ê±²µ´  ³µ¦´µ ¶·¨°É¨ ± Éµ° ¨²¨
¨´µ° ³µ¤¥²¨, ¸µ£² ¸ÊÕÐ¥°¸Ö ¸ ¶µ²ÊÎ ¥³µ° ¨§ µ¶ÒÉµ¢ § ¢¨¸¨³µ¸ÉÓÕ. �¤´ ±µ
¢ Ê¸²µ¢¨ÖÌ ·¥ ²Ó´µ£µ Ô±¸¶¥·¨³¥´É  ´¥²Ó§Ö µ¸ÊÐ¥¸É¢¨ÉÓ ¶·µ¢¥·±Ê ¨¸Ìµ¤´ÒÌ
(³µ¤¥²Ó´ÒÌ) ¶·¥¤¶µ²µ¦¥´¨° ¢µ ¢¸¥° µ¡² ¸É¨ ±¨´¥³ É¨Î¥¸±¨Ì ¶¥·¥³¥´´ÒÌ.
�Éµ ÊÉ¢¥·¦¤¥´¨¥ ¶·¨³¥´¨³µ ¨ ± ´ ¨¡µ²¥¥ ¤µ¸ÉÊ¶´µ° ´Ê±²µ´´µ° ³¨Ï¥´¨ Å
¶·µÉµ´´µ°, ¨, ¢ ¥Ð¥ ¡µ²ÓÏ¥° ¸É¥¶¥´¨, ± ´¥°É·µ´´µ°, ¢ ± Î¥¸É¢¥ ±µÉµ·µ°
¶·¨³¥´ÖÕÉ¸Ö ¤¥°É¥·¨¥¢Ò¥ ³¨Ï¥´¨. ‚ ¶µ¸²¥¤´¥³ ¸²ÊÎ ¥ ¶µ²ÊÎ¥´¨¥ ¨§ Ô±¸¶¥-
·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¨´Ëµ·³ Í¨¨ µ ¸É·Ê±ÉÊ·¥ ´¥°É·µ´  ¶·µ¸Éµ ´¥¢µ§³µ¦´µ
¡¥§ ³µ¤¥²Ó´ÒÌ ¶·¥¤¶µ²µ¦¥´¨° µ¡ ÔËË¥±É Ì ¸¢Ö§ ´´µ¸É¨ ¶·µÉµ´  ¨ ´¥°É·µ´ 
¢ ¤¥°É·µ´¥. „·Ê£¨³¨ ¸²µ¢ ³¨, µ± §Ò¢ ¥É¸Ö, ÎÉµ ¤²Ö Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ¨¸-
¸²¥¤µ¢ ´¨Ö ¸É·Ê±ÉÊ·Ò ´Ê±²µ´  ´¥µ¡Ìµ¤¨³µ ¨³¥ÉÓ ± ± ³µ¦´µ ¡µ²¥¥ ÉµÎ´ÊÕ
 ¶·¨µ·´ÊÕ ¨´Ëµ·³ Í¨Õ µ ¥£µ ¸É·µ¥´¨¨.

‚ ´ ¨¡µ²¥¥ ¸¨²Ó´µ° ¸É¥¶¥´¨ ¢¸¥ ÔÉ¨ ¶·µ¡²¥³Ò ¶·µÖ¢¨²¨ ¸¥¡Ö ¢ ÉµÉ ³µ-
³¥´É, ±µ£¤  ¶µÖ¢¨² ¸Ó ¢µ§³µ¦´µ¸ÉÓ ¶·¥Í¨§¨µ´´µ£µ ¸· ¢´¥´¨Ö ¸É·Ê±ÉÊ·Ò ¤¥°-
É·µ´  ¨ ¸¢Ö§ ´´µ£µ ¢ ÉÖ¦¥²µ³ Ö¤·¥ ´Ê±²µ´ . ’· ¤¨Í¨µ´´µ ¶·¥¤¶µ² £ ²µ¸Ó,
ÎÉµ ¢ ± Î¥¸É¢¥ ´Ê±²µ´´µ° ³¨Ï¥´¨ ¢ ƒ�� ³µ£ÊÉ ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´Ò ´¥ Éµ²Ó±µ
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¶·µÉµ´Ò, ´µ ¨ Ö¤· , ¥¸²¨ ¨Ì · ¸¸³ É·¨¢ ÉÓ ± ± ´ ¡µ· ±¢ §¨¸¢µ¡µ¤´ÒÌ ´Ê±²µ-
´µ¢. �·¥´¥¡·¥¦¥´¨¥ Ö¤¥·´Ò³¨ ÔËË¥±É ³¨ µ¸´µ¢Ò¢ ²µ¸Ó ´  ¶·¥¤¶µ²µ¦¥´¨¨
µ Éµ³, ÎÉµ ³µ¦´µ ¶·¥´¥¡·¥ÎÓ Ô´¥·£¨¥° ¸¢Ö§¨ ¢ Ö¤·¥ ¶µ ¸· ¢´¥´¨Õ ¸ ¶¥·¥-
¤ Î¥° Ô´¥·£¨¨ µÉ ²¥¶Éµ´  ± Ö¤·Ê ¨, É ±¨³ µ¡· §µ³, · ¸¸³ É·¨¢ ÉÓ ´Ê±²µ´ ¨
Ö¤·µ ± ± ¨§µ³µ·Ë´Ò¥ ¤·Ê£ ¤·Ê£Ê ¸¨¸É¥³Ò. �¥¸µ¸ÉµÖÉ¥²Ó´µ¸ÉÓ ÔÉµ° ±µ´Í¥¶Í¨¨
¡Ò²  ¶·µ¤¥³µ´¸É·¨·µ¢ ´  ¢ Ô±¸¶¥·¨³¥´É¥ …¢·µ¶¥°¸±µ° ³Õµ´´µ° ±µ²² ¡µ· -
Í¨¨ (…Œ‘), ¢ ±µÉµ·µ³ ¡Ò²µ ¨§³¥·¥´µ µÉ´µÏ¥´¨¥ ‘” ¦¥²¥§  FFe

2 (x) ± ‘”
¤¥°É·µ´  FD

2 (x) [6]. Š ± ¶µ± § ² µ¶ÒÉ …Œ‘, ¸É·Ê±ÉÊ·  ¸¢Ö§ ´´ÒÌ ¢ Ö¤·¥
´Ê±²µ´µ¢ ³¥´Ö¥É¸Ö ´¥É·¨¢¨ ²Ó´Ò³ µ¡· §µ³: ¢ µ¡² ¸É¨ ¸·¥¤´¨Ì §´ Î¥´¨° x
¢¥²¨Î¨´  ‘” ¸¢µ¡µ¤´µ£µ ´Ê±²µ´  (¤¥°É·µ´  ¢ µ¶ÒÉ¥ …Œ‘) µ± § ² ¸Ó ¸ÊÐ¥-
¸É¢¥´´µ ¡µ²ÓÏ¥ FFe

2 (x). ’ ± Ö ³µ¤¨Ë¨± Í¨Ö ‘”, ¢µ-¶¥·¢ÒÌ, ¶·µÉ¨¢µ·¥Î¨² 
É· ¤¨Í¨µ´´Ò³ ³µ¤¥²Ö³ Ö¤¥·´µ° ¸É·Ê±ÉÊ·Ò. ‚µ-¢Éµ·ÒÌ, Ì · ±É¥· ´ °¤¥´´ÒÌ
¨§³¥´¥´¨° FFe

2 (x) ± ± ËÊ´±Í¨¨ x ³µ¦´µ ¡Ò²µ ²¨ÏÓ ± Î¥¸É¢¥´´µ ¸µ£² ¸µ¢ ÉÓ
¸ ¶·¥¤¸É ¢²¥´¨Ö³¨ µ¡ ÔËË¥±É Ì Ö¤¥·´µ° ¸¢Ö§¨. Šµ²¨Î¥¸É¢¥´´µ¥ ¸µ£² ¸¨¥ ¸
¤ ´´Ò³¨ ´¥ ¡Ò²µ ¤µ¸É¨£´ÊÉµ ´¨ ¢ µ¤´µ° ¨§ ¶·¥¤²µ¦¥´´ÒÌ ¤²Ö µ¶¨¸ ´¨Ö ÔË-
Ë¥±É  ³µ¤¥²¥° [7Ä9]. �¡´ ·Ê¦¥´´µ¥ Ö¢²¥´¨¥ ³µ¤¨Ë¨± Í¨¨ ‘” ¸¢µ¡µ¤´µ£µ
´Ê±²µ´  ¢ Ö¤·¥ ¡Ò²µ ´ §¢ ´µ …Œ‘-ÔËË¥±Éµ³.

„²Ö Éµ£µ ÎÉµ¡Ò ·¥±µ´¸É·Ê¨·µ¢ ÉÓ ± ·É¨´Ê ³µ¤¨Ë¨± Í¨° ¸É·Ê±ÉÊ·Ò ¸¢µ-
¡µ¤´µ£µ ´Ê±²µ´  Ö¤¥·´µ° ¸·¥¤µ°, ¡Ò²µ ¸µ§¤ ´µ ¡µ²ÓÏµ¥ ±µ²¨Î¥¸É¢µ ³µ¤¥²¥°
¨ ³´µ¦¥¸É¢µ ¨Ì · §²¨Î´ÒÌ ¢ ·¨ ´Éµ¢, ±µÉµ·Ò¥ · ¸¸³µÉ·¥´Ò ¢ ·Ö¤¥ µ¡§µ-
·µ¢ (¸³., ´ ¶·¨³¥·, [8, 9]). �·¥¤²µ¦¥´´Ò¥ ³µ¤¥²¨ ³µ¦´µ µ¡Ñ¥¤¨´¨ÉÓ ¢ É·¨
µ¸´µ¢´Ò¥ £·Ê¶¶Ò:

 ) µ¡ÑÖ¸´¥´¨¥ …Œ‘-ÔËË¥±É  ¸ ¶µ³µÐÓÕ ÊÎ¥É  Ô´¥·£¨¨ µÉ¤¥²¥´¨Ö
´Ê±²µ´ , ·¥²ÖÉ¨¢¨¸É¸±µ£µ Ë¥·³¨-¤¢¨¦¥´¨Ö ¨ ´Ê±²µ´-´Ê±²µ´´ÒÌ ±µ··¥²Ö-
Í¨° [10,11];

¡) £¨¶µÉ¥§  µ ¸¢Ö§¨ …Œ‘-ÔËË¥±É  ¸ ´¥´Ê±²µ´´Ò³¨ ¸É¥¶¥´Ö³¨ ¸¢µ¡µ¤Ò
[12Ä17];

¢) ¶·¥¤¶µ²µ¦¥´¨¥ µ¡ ¨§³¥´¥´¨¨ · ¤¨Ê¸  ±¢ ·±µ¢µ£µ ±µ´Ë °´³¥´É 
[18Ä20].

�¥¸³µÉ·Ö ´  ± Î¥¸É¢¥´´Ò¥ · §²¨Î¨Ö, § ²µ¦¥´´Ò¥ ¢ ÔÉ¨Ì ¶µ¤Ìµ¤ Ì ¤²Ö
µ¡ÑÖ¸´¥´¨Ö ¶·¨·µ¤Ò ÔËË¥±É , ³´µ£¨¥ ¨§ ´¨Ì ¢µ¸¶·µ¨§¢µ¤¨²¨ µ¡ÐÊÕ ± ·-
É¨´Ê ÔËË¥±É ,   ´¥±µÉµ·Ò¥ ¤ ¦¥ Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ µ¶¨¸Ò¢ ²¨ Ô±¸¶¥·¨³¥´-
É ²Ó´Ò¥ ¤ ´´Ò¥ ¢ µ£· ´¨Î¥´´µ° ±¨´¥³ É¨Î¥¸±µ° µ¡² ¸É¨ (± ± ¶· ¢¨²µ, ¶·¨
0,3 < x < <0,7). ‘µ£² ¸¨¥ ¤µ¸É¨£ ²µ¸Ó Í¥´µ° ¢¢¥¤¥´¨Ö ¶µ¤£µ´µÎ´ÒÌ ¶ -
· ³¥É·µ¢. ’¥³ ´¥ ³¥´¥¥ ¶µ¶ÒÉ±¨ µ¶¨¸ ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ µ¤´µ-
¢·¥³¥´´µ ¢ ¡µ²¥¥ Ï¨·µ±µ° µ¡² ¸É¨ ¶µ x ¨ ¤²Ö · §²¨Î´ÒÌ Ö¤¥· µ± § ²¨¸Ó
¡¥§Ê¸¶¥Ï´Ò³¨. …¸É¥¸É¢¥´´µ, ÎÉµ É ±µ¥ ¸µ¸ÉµÖ´¨¥ ¶·µ¡²¥³Ò ´¥ ¶µ§¢µ²Ö²µ ± -
É¥£µ·¨Î¥¸±¨ µÉ¢¥·£´ÊÉÓ ³´µ£¨¥ ¨§ ³µ¤¥²¥° ¨ Ê¸É ´µ¢¨ÉÓ µ¤´µ§´ Î´µ ³¥Ì ´¨§³
…Œ‘-ÔËË¥±É .

‘µ¢¥·Ï¥´¸É¢µ¢ ´¨¥ ³µ¤¥²Ó´µ£µ µ¶¨¸ ´¨Ö ÔËË¥±É  ¶·µ¤µ²¦ ¥É¸Ö ¤µ ¸¨Ì
¶µ·. ˆ§ ´¥¤ ¢´¨Ì ¶Ê¡²¨± Í¨° ¸²¥¤Ê¥É µÉ³¥É¨ÉÓ ¶µ¤Ìµ¤, ¶·¥¤² £ ÕÐ¨° ¤µ-
¶µ²´¨É¥²Ó´ÊÕ Š•„-Ô¢µ²ÕÍ¨Õ [21], ³µ¤¥²Ó Ë¥´µ³¥´µ²µ£¨Î¥¸±µ£µ ¤¢µ°´µ£µ
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Q2-·¥¸±¥°²¨´£  [22],   É ±¦¥ ³µ¤¥²Ó, · ¸¸³ É·¨¢ ÕÐÊÕ ÔËË¥±É …Œ‘ ¢ µ¡² -
¸É¨ 10−3 < x < 0, 7 ¸ ¶µ³µÐÓÕ ¶ · ³¥É·¨§ Í¨¨ Ö¤¥·´µ° ¸¢Ö§¨ ¨ · §¡ÊÌ ´¨Ö
´Ê±²µ´  [23]. ‚ · ¡µÉ¥ [24] ¶·¥¤² £ ¥É¸Ö ¶ ·Éµ´´ Ö ³µ¤¥²Ó ¤²Ö µ¶¨¸ ´¨Ö
· ¸¶·¥¤¥²¥´¨Ö ³µ·¸±¨Ì ±¢ ·±µ¢ ¨ £²Õµ´µ¢ ¢ Ö¤· Ì. �µ³¨³µ · ¸¸³µÉ·¥´¨Ö
ÔËË¥±É  EMC ¢ ÉÖ¦¥²ÒÌ Ö¤· Ì ¢ ÔÉµ³ µ¡§µ·¥ µ¡¸Ê¦¤ ÕÉ¸Ö ¶ ·Éµ´´Ò¥ · ¸-
¶·¥¤¥²¥´¨Ö ¢ ¤¥°É·µ´¥ ¨ ¶µ²ÊÎ¥´´µ¥ ¸µµÉ´µÏ¥´¨¥ ³¥¦¤Ê ‘” ¤¥°É·µ´  ¨
´¥°É·µ´ .

‚ §´ Î¨É¥²Ó´µ° ¸É¥¶¥´¨  ²ÓÉ¥·´ É¨¢´Ò° ¢¸¥³ ¤·Ê£¨³ ¶µ¤Ìµ¤ ³ ³¥Éµ¤
· §¢¨¢ ¥É¸Ö ¢ · ¡µÉ Ì [25, 26]. „²Ö Éµ£µ ÎÉµ¡Ò µ¡µ°É¨ ¶·µ¡²¥³Ò É¥µ·¥É¨Î¥-
¸±µ£µ µ¶¨¸ ´¨Ö ¸É·Ê±ÉÊ·Ò Ö¤·  ¶·¨ ±µ´¥Î´µ³ §´ Î¥´¨¨ ¥£µ  Éµ³´µ£µ ´µ³¥· 
A, ¢ [26] · ¸¸³ É·¨¢ ¥É¸Ö ³µ¤¨Ë¨± Í¨Ö ¸É·Ê±ÉÊ·Ò ´Ê±²µ´  ¢ ¡¥¸±µ´¥Î´µ°
Ö¤¥·´µ° ³ É¥·¨¨. ‘¥Î¥´¨¥ ·¥ ±Í¨¨ (1) ¢ Ö¤¥·´µ° ³ É¥·¨¨ ³µ¦´µ µÍ¥´¨ÉÓ ¸
¶µ³µÐÓÕ Ô±¸É· ¶µ²ÖÍ¨¨ ¸¥Î¥´¨°, ¨§³¥·¥´´ÒÌ ¤²Ö ·Ö¤  ±µ´¥Î´ÒÌ §´ Î¥´¨°
A, ¢ µ¡² ¸ÉÓ A→∞, ¶·¥¤¶µ² £ Ö § ¢¨¸¨³µ¸ÉÓ A−1/3 [25].

�É¨ ´µ¢Ò¥ · ¡µÉÒ ³µ£ÊÉ · ¸¸³ É·¨¢ ÉÓ¸Ö ± ± Ìµ·µÏ Ö  ·£Ê³¥´É Í¨Ö ¢ ¦-
´µ¸É¨ ·¥Ï¥´¨Ö ¶·µ¡²¥³Ò ¡¥§³µ¤¥²Ó´µ£µ µ¶¨¸ ´¨Ö ³µ¤¨Ë¨± Í¨¨ ¸É·Ê±ÉÊ·Ò
¸¢Ö§ ´´µ£µ ´Ê±²µ´  ¶µ ¸· ¢´¥´¨Õ ¸µ ¸É·Ê±ÉÊ·µ° ¸¢µ¡µ¤´µ£µ ´Ê±²µ´ .

�µ£ ÉÒ° Ô±¸¶¥·¨³¥´É ²Ó´Ò° ³ É¥·¨ ², ¶µ²ÊÎ¥´´Ò° ± ´ ¸ÉµÖÐ¥³Ê ¢·¥-
³¥´¨ ´  · §²¨Î´ÒÌ Ö¤· Ì ±µ²² ¡µ· Í¨Ö³¨ SLAC, BCDMS, NMC ¨ E665, ¶µ-
§¢µ²Ö¥É ¢ÒÖ¢¨ÉÓ ·Ö¤ ËÊ´¤ ³¥´É ²Ó´ÒÌ § ±µ´µ³¥·´µ¸É¥° ¢ x- ¨ A-§ ¢¨¸¨³µ¸ÉÖÌ
µÉ´µÏ¥´¨° ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨° ÉÖ¦¥²ÒÌ Ö¤¥· ¨ ¤¥°É·µ´ . � ¨¡µ²¥¥ ¸ÊÐ¥-
¸É¢¥´´Ò³, ¸ ´ Ï¥° ÉµÎ±¨ §·¥´¨Ö, ¡Ò²µ µ¡´ ·Ê¦¥´¨¥ Ê´¨¢¥·¸ ²Ó´µ°
x-§ ¢¨¸¨³µ¸É¨ (¥¤¨´µ° ¤²Ö ¢¸¥Ì Ö¤¥· ¸ ³ ¸¸µ° A ≥ 4) µÉ´µÏ¥´¨Ö rA(x) =
= FA2 (x)/FD

2 (x) ¸´ Î ²  ¢ µ£· ´¨Î¥´´µ³ ¨´É¥·¢ ²¥ ¶¥·¥³¥´´µ° x [27],  
¢¶µ¸²¥¤¸É¢¨¨ ¨ ¢µ ¢¸¥° ¤µ¸ÉÊ¶´µ° ¸µ¢·¥³¥´´Ò³ Ô±¸¶¥·¨³¥´É ³ µ¡² ¸É¨:
10−3 < x < 0,95 [28Ä30]. ƒ² ¢´µ° Î¥·Éµ° µ¡´ ·Ê¦¥´´ÒÌ § ±µ´µ³¥·´µ¸É¥°
¡Ò²  ´¥§ ¢¨¸¨³µ¸ÉÓ µÉ A É·¥Ì ÉµÎ¥± xi (i = 1,2,3), ¢ ±µÉµ·ÒÌ FA2 (xi) =
= FD

2 (xi). �ÉµÉ ·¥§Ê²ÓÉ É, µ¤´ ±µ, ¶·¨³¥´Ö²¸Ö ²¨ÏÓ ± ± É¥Ì´¨Î¥¸±¨° ³¥Éµ¤
ÊÎ¥É  A-§ ¢¨¸¨³µ¸É¨,   ´¥ ± ± ±²ÕÎ ± ¶µ´¨³ ´¨Õ ¶·¨·µ¤Ò …Œ‘-ÔËË¥±É .
…¸É¥¸É¢¥´´µ, ÎÉµ ´¨ µ¤´  ¨§ ¶·¥¤²µ¦¥´´ÒÌ ³µ¤¥²¥° ´¥ Éµ²Ó±µ ´¥ ¢µ¸¶·µ-
¨§¢µ¤¨²  ÔÉ¨ § ±µ´µ³¥·´µ¸É¨, ´µ ¤ ¦¥ ´¥ ¶µ§¢µ²Ö²  µ¶¨¸ ÉÓ ¸µ¢·¥³¥´´Ò¥
Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¸ · §Ê³´µ° ¸É¥¶¥´ÓÕ ¤µ¸Éµ¢¥·´µ¸É¨. ‚ Éµ ¦¥ ¸ -
³µ¥ ¢·¥³Ö Ô±¸¶¥·¨³¥´É ²Ó´ Ö ¨´Ëµ·³ Í¨Ö, Ê¦¥ ´ ±µ¶²¥´´ Ö µ ƒ�� ²¥¶Éµ´µ¢
´  Ö¤· Ì ¶·¨ A ≥ 4, Ê¡¥¤¨É¥²Ó´µ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ Éµ³, ÎÉµ ¸¢Ö§ ´´µ¸ÉÓ
´Ê±²µ´µ¢ ¢ Ö¤·¥,   É ±¦¥ ´ ¸ÒÐ¥´¨¥ ÔËË¥±Éµ¢ Ö¤¥·´µ° ¸¢Ö§¨ ¶·¨ A → 4
Ö¢²ÖÕÉ¸Ö µ¸´µ¢´Ò³¨ ³¥Ì ´¨§³ ³¨ ³µ¤¨Ë¨± Í¨¨ ¸É·Ê±ÉÊ·Ò ¸¢µ¡µ¤´µ£µ ´Ê-
±²µ´  [29, 30]. Œµ¦´µ µÉ³¥É¨ÉÓ §´ Î¨É¥²Ó´µ¥ ±µ²¨Î¥¸É¢µ É¥µ·¥É¨Î¥¸±¨Ì
· ¡µÉ, ¶µ¤Î¥·±¨¢ ÕÐ¨Ì ¢ ¦´µ¸ÉÓ ÊÎ¥É  ³¥Ì ´¨§³  ¸¢Ö§ ´´µ¸É¨ ´Ê±²µ´µ¢ ¢
Ö¤·¥ [11, 31, 32], ±µÉµ·Ò¥, µ¤´ ±µ, ´¥ ¶·¨¤ ¢ ²¨ ¤µ²¦´µ£µ §´ Î¥´¨Ö ÔËË¥±ÉÊ
´ ¸ÒÐ¥´¨Ö ¸¨² ¸¢Ö§¨ ¢ ³ ²µ´Ê±²µ´´ÒÌ ¸¨¸É¥³ Ì.

Š ± ´ ³ ¶·¥¤¸É ¢²Ö¥É¸Ö, § ¤ Î  µ¶¨¸ ´¨Ö ÔËË¥±É  …Œ‘ Î Ð¥ ¢¸¥£µ ¸¢µ-
¤¨² ¸Ó ± ¶µ¨¸±Ê Ê¸²µ¢¨°, µ¡¥¸¶¥Î¨¢ ÕÐ¨Ì µÉ²¨Î¨¥ µÉ ¥¤¨´¨ÍÒ µÉ´µÏ¥´¨Ö
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FA2 (x)/FD
2 (x). �·¨ ÔÉµ³ Ï¨·µ±µ ¶·¨¢²¥± ²¨¸Ó ± ± ¸² ¡µ¨§ÊÎ¥´´Ò¥ ¸Ê¡´Ê-

±²µ´´Ò¥ ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò [13, 15, 18Ä20] ¨ Ô±§µÉ¨Î¥¸±¨¥ Ö¤¥·´Ò¥ ±µ´¸É¨ÉÊ-
¥´ÉÒ [14,33Ä40], É ± ¨ ³µ¤¥²¨ ´Ê±²µ´-´Ê±²µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö [11,12,31,
32, 41]∗. ‚ ·¥§Ê²ÓÉ É¥ Ê¸¶¥Ì µ¶¨¸ ´¨Ö ¤ ´´ÒÌ ¨, ¸²¥¤µ¢ É¥²Ó´µ, ¶µ´¨³ ´¨¥
Ô¢µ²ÕÍ¨¨ F2(x) ¢ Ö¤¥·´µ³ µ±·Ê¦¥´¨¨ § ¢¨¸¥²¨ ¢ §´ Î¨É¥²Ó´µ° ¸É¥¶¥´¨ µÉ
ÉµÎ´µ¸É¨ µ¶¨¸ ´¨Ö ¸É·Ê±ÉÊ·Ò ´Ê±²µ´  ¨ ´Ê±²µ´-´Ê±²µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö.

„²Ö Éµ£µ ÎÉµ¡Ò · §µ·¢ ÉÓ É ±µ° § ³±´ÊÉÒ° ±·Ê£, ´¥µ¡Ìµ¤¨³µ ·¥±µ´¸É·Ê-
¨·µ¢ ÉÓ ± ·É¨´Ê µÉ´µ¸¨É¥²Ó´ÒÌ ¨§³¥´¥´¨° ¢ ¸É·Ê±ÉÊ·¥ ¸¢Ö§ ´´µ£µ ´Ê±²µ´ ,
µ¸´µ¢Ò¢ Ö¸Ó ´  µ¡Ð¨Ì ¸¢µ°¸É¢ Ì ´Ê±²µ´  ¨ ´Ê±²µ´-´Ê±²µ´´µ£µ ¢§ ¨³µ¤¥°-
¸É¢¨Ö, ±µÉµ·Ò¥ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¨§ ¸¢µ°¸É¢ ¸¨³³¥É·¨¨ ¨  ´ ²¨É¨Î´µ¸É¨. ‘
¤·Ê£µ° ¸Éµ·µ´Ò, ÉµÉ Ë ±É, ÎÉµ ´Ê±²µ´, ´ Ìµ¤ÖÐ¨°¸Ö ¢ Ö¤·¥, ¨§³¥´Ö¥É¸Ö, ¶·¥-
¤µ¸É ¢²Ö¥É ¤µ¶µ²´¨É¥²Ó´Ò¥ ¢µ§³µ¦´µ¸É¨ ¤²Ö É¥µ·¥É¨Î¥¸±µ£µ ¨¸¸²¥¤µ¢ ´¨Ö
¸É·Ê±ÉÊ·Ò ´Ê±²µ´  ¨ Ê¸É ´µ¢²¥´¨Ö ´¥±µÉµ·ÒÌ ¥£µ ¸¢µ°¸É¢ ´  µ¸´µ¢¥ ¸ ³ÒÌ
µ¡Ð¨Ì ¶·¨´Í¨¶µ¢.

Š²ÕÎ¥¢µ° ¶·µ¡²¥³µ°, ¶µ ´ Ï¥³Ê Ê¡¥¦¤¥´¨Õ, Ö¢²Ö¥É¸Ö ¶µ¸²¥¤µ¢ É¥²Ó-
´µ¥ ·¥²ÖÉ¨¢¨¸É¸±µ¥ µ¶¨¸ ´¨¥ ÔËË¥±Éµ¢ Ö¤¥·´µ° ¸¢Ö§¨. � ¨²ÊÎÏ¨³ µ¡Ñ¥±Éµ³
¤²Ö · ¸¸³µÉ·¥´¨Ö µ¸´µ¢´ÒÌ ÔËË¥±Éµ¢ ¸²Ê¦¨É ¶·µ¸É¥°Ï Ö Ö¤¥·´ Ö ¸¨¸É¥³  Å
¤¥°É·µ´. Š ± ¡Ê¤¥É ¶µ± § ´µ ´¨¦¥ ´  ¶·¨³¥·¥ · ¸Î¥É  FD

2 (x), ·¥²ÖÉ¨¢¨¸É¸±¨-
±µ¢ ·¨ ´É´Ò° ¶µ¤Ìµ¤ [42] ¶µ§¢µ²Ö¥É µ¡ÑÖ¸´¨ÉÓ ´ ¡²Õ¤ ¥³Ò¥ ¢ ƒ�� Ö¤¥·-
´Ò¥ ÔËË¥±ÉÒ ¸ ¶µ³µÐÓÕ ¥¤¨´µ° Ë¨§¨Î¥¸±µ° ± ·É¨´Ò, ¤µ¶Ê¸± ÕÐ¥° ¸· ¢´¨-
É¥²Ó´µ ¶·µ¸ÉÊÕ ¨´É¥·¶·¥É Í¨Õ. �¥²ÖÉ¨¢¨¸É¸±¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö n-´Ê±²µ´´µ°
ËÊ´±Í¨¨ ƒ·¨´  ¨ ¤²Ö ¢¥·Ï¨´´µ° ËÊ´±Í¨¨, µ¶¨¸Ò¢ ÕÐ¥° ¸µ¸ÉµÖ´¨¥ Ö¤·  ¢
É¥·³¨´ Ì ´Ê±²µ´´ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò, Ê¸É ´ ¢²¨¢ ÕÉ § ¢¨¸¨³µ¸ÉÓ ³¥¦¤Ê
¤¨´ ³¨Î¥¸±µ° ¸É·Ê±ÉÊ·µ° ´Ê±²µ´  ¨ ¢¥²¨Î¨´µ° ¢·¥³¥´´µ£µ ¨´É¥·¢ ²  ∆t,
· §¤¥²ÖÕÐ¥£µ ´ ¡²Õ¤ ¥³Ò° ´Ê±²µ´ ¨ Ö¤·µ-µ¸É Éµ± (´Ê±²µ´ ¤²Ö ¸²ÊÎ Ö ¤¥°-
É¥·¨¥¢µ° ³¨Ï¥´¨) Å ´¥µ¤´µ¢·¥³¥´´µ¸É¨ ´Ê±²µ´µ¢ ¢ Ö¤·¥. ‘ÊÉÓ µ¡ÑÖ¸´¥´¨Ö
¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ¶·¨Î¨´µ° ³µ¤¨Ë¨± Í¨¨ ¸É·Ê±ÉÊ·Ò ´Ê±²µ´ , ¸¢Ö§ ´´µ£µ
¢ Ö¤·¥ ¤¥°É¥·¨Ö (FD

2 (x)/FN
2 (x) 6= 1), Ö¢²Ö¥É¸Ö ´¥µ¤´µ¢·¥³¥´´µ¸ÉÓ ´Ê±²µ´µ¢

¢ Ö¤·¥. �ÉµÉ É¥µ·¥É¨Î¥¸±¨° ·¥§Ê²ÓÉ É ¶µ§¢µ²Ö¥É ¡¥§ É·Ê¤  ¶·µ¤¥³µ´¸É·¨·µ-
¢ ÉÓ ¸¢Ö§Ó ¸ ´¥·¥²ÖÉ¨¢¨¸É¸±¨³ ¶µ¤Ìµ¤µ³, ¢ Î ¸É´µ¸É¨ Éµ, ± ± ·¥¸±¥°²¨´£
¶¥·¥³¥´´µ° �Ó¥·±¥´  x ¸²¥¤Ê¥É ¨§ § ¢¨¸¨³µ¸É¨ µÉ µÉ´µ¸¨É¥²Ó´µ£µ ¢·¥³¥´¨,
¸µ¤¥·¦ Ð¥°¸Ö ¢ ±µ³¶Éµ´µ¢¸±µ°  ³¶²¨ÉÊ¤¥ ¢´¥³ ¸¸µ¢µ£µ ´Ê±²µ´ .

�¡µ¡Ð¥´¨¥ ¶µ²ÊÎ¥´´µ£µ ·¥§Ê²ÓÉ É  ´  ²¥£±¨¥ Ö¤·  (A ≤ 4) ¶µ§¢µ²Ö¥É ¨¸-
¸²¥¤µ¢ ÉÓ Ô¢µ²ÕÍ¨Õ F2(x) ¸ ¨§³¥´¥´¨¥³ A ¨ Ê¸É ´µ¢¨ÉÓ ¤µ¸É ÉµÎ´µ¥ Ê¸²µ-
¢¨¥ ¶·µÖ¢²¥´¨Ö ³µ¤¨Ë¨± Í¨° ÔËË¥±É  ¢´¥³ ¸¸µ¢µ° ¤¥Ëµ·³ Í¨¨ ´Ê±²µ´ , ±µ-
Éµ·Ò° ¶·¨ ¶¥·¥Ìµ¤¥ ± A > 4 µ¡´ ·Ê¦¨¢ ¥É ¸¥¡Ö ± ± …Œ‘-ÔËË¥±É. �² £µ¤ ·Ö
· ¸Î¥É ³, ¢Ò¶µ²´¥´´Ò³ ¢ µ¡² ¸É¨ A ≤ 4 [43,44], Ê¸É ´µ¢²¥´Ò ¶·¨´Í¨¶¨ ²Ó-
´Ò¥ · §²¨Î¨Ö ¢ Ô¢µ²ÕÍ¨¨ ¸É·Ê±ÉÊ·Ò ´Ê±²µ´  ¢ ²¥£Î °Ï¨Ì Ö¤· Ì ¨ ¢ Ö¤¥·´µ°
¸·¥¤¥ ¸ A > 4. Šµ´Í¥¶Í¨Ö Ô¢µ²ÕÍ¨¨ ¤¢ÊÌ É¨¶µ¢ ¶µ§¢µ²Ö¥É ²¥£±µ µ¡µ¡Ð¨ÉÓ

∗�µ²¥¥ ¶µ²´Ò° ¸¶¨¸µ± ²¨É¥· ÉÊ·Ò ¶µ · ¸¸³ É·¨¢ ¥³Ò³ ³µ¤¥²Ö³ ¶·¨¢¥¤¥´ ¢ µ¡§µ· Ì [7Ä9].
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¶µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ´  µ¡² ¸ÉÓ ÉÖ¦¥²ÒÌ Ö¤¥· ¨ µ¶¨¸ ÉÓ ¶· ±É¨Î¥¸±¨ ¢¸¥
¸ÊÐ¥¸É¢ÊÕÐ¨¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶µ ƒ�� ´  Ö¤· Ì [30].

Š·µ³¥ Éµ£µ, ¢ ·¥§Ê²ÓÉ É¥ ¶·µ¢¥¤¥´´ÒÌ ¨¸¸²¥¤µ¢ ´¨° Ê¤ ¥É¸Ö ¶µ²ÊÎ¨ÉÓ
·Ö¤ µ¡Ð¨Ì ¸²¥¤¸É¢¨° ¤²Ö ¶· ¢¨² ¸Ê³³ Š•„, ¶·µ¢¥·Ö¥³ÒÌ ´  Ö¤¥·´ÒÌ ¤ ´-
´ÒÌ. �µ¸±µ²Ó±Ê ¡µ²ÓÏ¨´¸É¢µ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ¨ ¶² ´¨·Ê¥³ÒÌ Ô±¸¶¥·¨³¥´Éµ¢
¢ SLAC, CERN ¨ HERA [45Ä47] ¶µ ¶·µ¢¥·±¥ ¶· ¢¨² ¸Ê³³ Š•„ ¨ ¨¸¸²¥-
¤µ¢ ´¨Õ ‘” ´¥°É·µ´  µ¸´µ¢ ´Ò ´  ¤ ´´ÒÌ ¶µ ƒ�� ´  ²¥£±¨Ì Ö¤· Ì, É ±µ¥
¨¸¸²¥¤µ¢ ´¨¥ ¶·¥¤¸É ¢²Ö¥É¸Ö µÎ¥´Ó ¢ ¦´Ò³ ¸ ¶· ±É¨Î¥¸±µ° ÉµÎ±¨ §·¥´¨Ö.

„ ´´Ò° µ¡§µ· ¶µ¸¢ÖÐ¥´ ¶·µ¡²¥³¥ · §¢¨É¨Ö ³µ¤¥²Ó´µ-´¥§ ¢¨¸¨³µ£µ ¶µ¤-
Ìµ¤  ± ¨¸¸²¥¤µ¢ ´¨Õ Ô¢µ²ÕÍ¨¨ ¸É·Ê±ÉÊ·Ò ´Ê±²µ´  ¢ Ö¤· Ì. ‚ · §¤¥²¥ 2
· ¸¸³ É·¨¢ ÕÉ¸Ö µ¸´µ¢´Ò¥ ¶·¨¡²¨¦¥´¨Ö, ¨¸¶µ²Ó§Ê¥³Ò¥ ¶·¨  ´ ²¨§¥ ƒ�� ´ 
Ö¤· Ì. � §¤¥² 3 ¶µ¸¢ÖÐ¥´ µ¸´µ¢´Ò³ É¥µ·¥É¨±µ-¶µ²¥¢Ò³ ³¥Éµ¤ ³ ¨¸¸²¥¤µ¢ -
´¨Ö ¸¢µ°¸É¢ ¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨° ´  ¶·¨³¥·¥ n-´Ê±²µ´´µ° ¸¨¸É¥³Ò. ‚ · §-
¤¥²¥ 4 ÔÉ¨ ³¥Éµ¤Ò ¶·¨³¥´ÖÕÉ¸Ö ¤²Ö  ´ ²¨§  ƒ�� ´  ¤¥°É·µ´¥ ¨ ´  ¶·¨³¥·¥
¤¥°É·µ´  ¨¸¸²¥¤ÊÕÉ¸Ö µ¸´µ¢´Ò¥ ÔËË¥±ÉÒ Ö¤¥·´µ° ¸¢Ö§¨. ‚ · §¤¥²¥ 5 ÔÉµÉ  ´ -
²¨§ · ¸Ï¨·Ö¥É¸Ö ´  ²¥£±¨¥ Ö¤·  ¨ ¶·¨³¥´Ö¥É¸Ö ¤²Ö ¨§ÊÎ¥´¨Ö A-§ ¢¨¸¨³µ¸É¨
µÉ´µÏ¥´¨Ö ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨° FA2 /F

N
2 ¨ FA2 /F

D
2 . ‚ § ±²ÕÎ¥´¨¨ ¸Ê³³¨-

·ÊÕÉ¸Ö µ¸´µ¢´Ò¥ ¢Ò¢µ¤Ò ¨ ·¥§Ê²ÓÉ ÉÒ ¤ ´´µ£µ ¨¸¸²¥¤µ¢ ´¨Ö.

2. �‘��‚�›… ��ˆ�‹ˆ†…�ˆŸ

� ¸¸³µÉ·¨³ ¸É ´¤ ·É´Ò¥ ¶·¥¤¶µ²µ¦¥´¨Ö, ¨¸¶µ²Ó§Ê¥³Ò¥ ¶·¨  ´ ²¨§¥ ¶·µ-
Í¥¸¸  ƒ�� ´  Ö¤· Ì ¢ ¶µ²¥¢ÒÌ ³µ¤¥²ÖÌ:

• ¶·¨¡²¨¦¥´¨¥ µ¤´µ¡µ§µ´´µ£µ µ¡³¥´  ¢ Ê· ¢´¥´¨¨ ´  ¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ-
´¨¥;

• · ¸¸³µÉ·¥´¨¥  ³¶²¨ÉÊ¤Ò ƒ�� ¢ ¢¨¤¥ ´¥±µ£¥·¥´É´µ° ¸Ê³³Ò  ³¶²¨ÉÊ¤ ´ 
µÉ¤¥²Ó´ÒÌ ±µ´¸É¨ÉÊ¥´É Ì;

• ¶·¥¤¸É ¢²¥´¨¥  ¤·µ´´µ£µ É¥´§µ·  ¸¢Ö§ ´´µ£µ ´Ê±²µ´  Î¥·¥§ ¸± ²Ö·´Ò¥
¸É·Ê±ÉÊ·´Ò¥ ËÊ´±Í¨¨ ¢ Éµ³ ¦¥ ¢¨¤¥, ÎÉµ ¨ ¤²Ö ¸¢µ¡µ¤´µ£µ ´Ê±²µ´ .

�¥·¢µ¥ ¶·¥¤¶µ²µ¦¥´¨¥ ¶µ§¢µ²Ö¥É ·¥Ï¨ÉÓ, ´ ¶·¨³¥·, Ê· ¢´¥´¨¥ �¥É¥Å
‘µ²¶¨É¥·  [48] ¨²¨ ±¢ §¨¶µÉ¥´Í¨ ²Ó´µ¥ Ê· ¢´¥´¨¥ [49] ´  ¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ-
´¨¥ ¢ ³¥§µ´-´Ê±²µ´´µ° É¥µ·¨¨. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ³¥¦¤Ê ´Ê±²µ-
´ ³¨ ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ± ± ¡¥¸±µ´¥Î´ÊÕ ²¥¸É´¨ÍÊ µ¤´µ³¥§µ´´ÒÌ µ¡³¥´µ¢.
‚ · ¡µÉ Ì [48, 50Ä53] ¡Ò²µ ¶µ± § ´µ, ÎÉµ ¢ ÔÉµ³ ¶·¨¡²¨¦¥´¨¨ Ê· ¢´¥´¨¥
�¥É¥Å‘µ²¶¨É¥·  Ìµ·µÏµ µ¶¨¸Ò¢ ¥É É ±¨¥ µ¸´µ¢´Ò¥ ¸¢µ°¸É¢  ¤¥°É·µ´ , ± ±
³ ¸¸ , Ô´¥·£¨Ö ¸¢Ö§¨, ³ £´¨É´Ò° ¨ ±¢ ¤·Ê¶µ²Ó´Ò° ³µ³¥´ÉÒ. �¶·¥¤¥²¥´´Ò¥
Ê¸¶¥Ì¨ É ±¦¥ ¡Ò²¨ ¤µ¸É¨£´ÊÉÒ ¶·¨ µ¶¨¸ ´¨¨ Ê¶·Ê£¨Ì Ëµ·³Ë ±Éµ·µ¢ ¤¥°-
É·µ´  [48,54].
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‚Éµ·µ¥ ¶·¥¤¶µ²µ¦¥´¨¥ ¶µ§¢µ²Ö¥É · ¸¸³ É·¨¢ ÉÓ ±¢ ¤· É  ³¶²¨ÉÊ¤Ò WA
µν

£²Ê¡µ±µ´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ´  Ö¤·¥ ± ± ¸Ê³³Ê ±¢ ¤· Éµ¢  ³¶²¨ÉÊ¤ · ¸¸¥Ö-
´¨Ö ´  µÉ¤¥²Ó´ÒÌ ±µ´¸É¨ÉÊ¥´É Ì. �¸´µ¢ ´¨¥³ ¤²Ö ÔÉµ£µ, ± ± ¡Ê¤¥É ¶µ± § ´µ ¢
¶.4.1, ¸²Ê¦¨É ¶µ¤ ¢²¥´¨¥ ¨´É¥·Ë¥·¥´Í¨µ´´ÒÌ Î²¥´µ¢ ¢ WA

µν , ¶·µ¶µ·Í¨µ´ ²Ó-
´µ¥ 1/(Q2)l, l ≥ 2 [42]. ’ ±¨³ µ¡· §µ³, ¢±² ¤ ¨´É¥·Ë¥·¥´Í¨µ´´ÒÌ Î²¥´µ¢
¸ÊÐ¥¸É¢¥´ ¶·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ Q2, £¤¥ µ´¨ ³µ£ÊÉ §´ Î¨É¥²Ó´µ ¢²¨ÖÉÓ ´  Q2-
§ ¢¨¸¨³µ¸ÉÓ WA

µν . �¥·¢µ¥ ¨ ¢Éµ·µ¥ ¶·¨¡²¨¦¥´¨Ö ´¥ Ö¢²ÖÕÉ¸Ö ´¥§ ¢¨¸¨³Ò³¨
¢ ¸¨²Ê Éµ£µ, ÎÉµ ¨´É¥·Ë¥·¥´Í¨µ´´Ò¥ Î²¥´Ò µ¶·¥¤¥²ÖÕÉ¸Ö ¢µ²´µ¢µ° ËÊ´±Í¨¥°
Ö¤·  ¶·¨ ¡µ²ÓÏ¨Ì µÉ´µ¸¨É¥²Ó´ÒÌ ¨³¶Ê²Ó¸ Ì. • · ±É¥· Q2-§ ¢¨¸¨³µ¸É¨ WA

µν

¶·¨ ³ ²ÒÌ Q2 ³µ¦¥É µ± § ÉÓ¸Ö ¢ ¦´Ò³ ¤²Ö  ´ ²¨§  ƒ�� ´  Ö¤· Ì ¢ µ¡² -
¸É¨ ³ ²ÒÌ x. ‘²¥¤µ¢ É¥²Ó´µ, ± ± ¶¥·¢µ¥, É ± ¨ ¢Éµ·µ¥ ¶·¥¤¶µ²µ¦¥´¨Ö ³µ£ÊÉ
µ± § ÉÓ¸Ö ´¥µ¡µ¸´µ¢ ´´Ò³¨ ¢ ÔÉµ° ±¨´¥³ É¨Î¥¸±µ° µ¡² ¸É¨.

‘ÊÐ¥¸É¢ÊÕÐ¨¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¤²Ö ƒ�� ´  Ö¤· Ì ¢ µ¸´µ¢´µ³
¶·¨´ ¤²¥¦ É µ¡² ¸É¨ x > 10−3 ¨ Q2 > 1 ƒÔ‚ 2. �µ¸±µ²Ó±Ê, ± ± ¶µ± § ²¨
Ô±¸¶¥·¨³¥´ÉÒ [8,55], µÉ´µÏ¥´¨¥ FA

2 /F
D
2 ´¥ § ¢¨¸¨É µÉ Q2, ¢ · ¸Î¥É Ì ³Ò ¡Ê-

¤¥³ µ£· ´¨Î¨¢ ÉÓ¸Ö ¡Ó¥·±¥´µ¢¸±¨³ ¶·¥¤¥²µ³, £¤¥ ¶¥·¢µ¥ ¨ ¢Éµ·µ¥ ¶·¨¡²¨¦¥-
´¨Ö Ìµ·µÏµ µ¡µ¸´µ¢ ´Ò ¨ ¸µµÉ¢¥É¸É¢ÊÕÉ ¶·¨¡²¨¦¥´¨Õ ³ ²µ° µÉ´µ¸¨É¥²Ó´µ°
Ô´¥·£¨¨ ¸¢Ö§ ´´ÒÌ ´Ê±²µ´µ¢.

’·¥ÉÓ¥ ¶·¥¤¶µ²µ¦¥´¨¥ ¶µ§¢µ²Ö¥É ¶·¥¤¸É ¢¨ÉÓ  ¤·µ´´Ò° É¥´§µ· ¢¨·ÉÊ ²Ó-
´µ£µ ´Ê±²µ´  ¢ ¢¨¤¥ (9). �Éµ ¶·¥¤¸É ¢²¥´¨¥ ¸¶· ¢¥¤²¨¢µ ¢ Éµ³ ¸²ÊÎ ¥, ¥¸²¨
´¥É·¨¢¨ ²Ó´Ò¥ · §²¨Î¨Ö ³¥¦¤Ê · ¸¸¥Ö´¨¥³ ´  ¸¢µ¡µ¤´µ³ ¨ ¸¢Ö§ ´´µ³ ´Ê±²µ-
´ Ì ³ ²Ò. Œµ¦´µ ¢Ò¤¥²¨ÉÓ É·¨ É ±¨Ì · §²¨Î¨Ö, ±µÉµ·Ò¥ ³Ò ¡Ê¤¥³ ´ §Ò¢ ÉÓ
ÔËË¥±É ³¨ ¢´¥³ ¸¸µ¢µ¸É¨:

• ´¥¢µ§³µ¦´µ¸ÉÓ ¨¸¶µ²Ó§µ¢ ´¨Ö Ê¸²µ¢¨Ö ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨
¤²Ö ¸¢Ö§ ´´µ£µ ´Ê±²µ´  ¢ ¢¨¤¥ (7);

• ¢±² ¤  ´É¨´Ê±²µ´´ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò;

• ´¥µ¤´µ¢·¥³¥´´µ¸ÉÓ ¸¢Ö§ ´´ÒÌ ´Ê±²µ´µ¢.

‚ ¸¨²Ê Éµ£µ ÎÉµ ´¥²Ó§Ö ¶·¨¢²¥ÎÓ Ê¸²µ¢¨¥ (7), ¶µ¸²¥¤µ¢ É¥²Ó´µ ¸Ëµ·³Ê-
²¨·µ¢ ´´µ¥ Éµ²Ó±µ ¤²Ö Ë¨§¨Î¥¸±¨Ì Î ¸É¨Í, ¢Ò· ¦¥´¨¥ ¤²Ö WN

µν ¸¢Ö§ ´´µ£µ
´Ê±²µ´  µ± §Ò¢ ¥É¸Ö ¡µ²¥¥ ¸²µ¦´Ò³, Î¥³ (9). ‚ µ¡Ð¥³ ¸²ÊÎ ¥, ± ± ¶µ± § ²
 ´ ²¨§ [56] ¢ ±¢ ·±-¶ ·Éµ´´µ° ³µ¤¥²¨,  ³¶²¨ÉÊ¤  ƒ�� ´  ¸¢Ö§ ´´µ³ ´Ê±²µ´¥
³µ¦¥É ¡ÒÉÓ ¶µ¸É·µ¥´  ¸ ¶µ³µÐÓÕ 14 ¸± ²Ö·´ÒÌ ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨°, ¨§
±µÉµ·ÒÌ Éµ²Ó±µ É·¨ ¢ ¦´Ò ¶·¨ µ¶¨¸ ´¨¨ ‘” ¸¢Ö§ ´´µ£µ ´Ê±²µ´  ¢ ¡Ó¥·-
±¥´µ¢¸±µ³ ¶·¥¤¥²¥. ‚Ò¡µ· ±µ´±·¥É´µ£µ Î¨¸²  ‘”, ¢Ìµ¤ÖÐ¨Ì ¢ · §²µ¦¥´¨¥
 ¤·µ´´µ£µ É¥´§µ· , ¢ ¸¨²Ó´µ° ¸É¥¶¥´¨ § ¢¨¸¨É µÉ ³µ¤¥²Ó´ÒÌ ¶·¥¤¶µ²µ¦¥´¨°.

�µÌµ¦ Ö ¸¨ÉÊ Í¨Ö ¸ÊÐ¥¸É¢Ê¥É ¨ ¶·¨ · ¸¸³µÉ·¥´¨¨ ¢±² ¤   ´É¨´Ê±²µ´´ÒÌ
¸É¥¶¥´¥° ¸¢µ¡µ¤Ò, ·µ²Ó ±µÉµ·ÒÌ ¤µ ±µ´Í  ´¥ Ö¸´ . — Ð¥ ¢¸¥£µ ¢±² ¤ ÔÉ¨Ì ¸É¥-
¶¥´¥° ¸¢µ¡µ¤Ò ¢ · §²¨Î´Ò¥ ´ ¡²Õ¤ ¥³Ò¥ ¶ · ³¥É·¨§Ê¥É¸Ö Ö¤¥·´Ò³¨ ÔËË¥±-
É ³¨, ¸¢Ö§ ´´Ò³¨ ¸ ±¢ ·±µ¢µ° ¸É·Ê±ÉÊ·µ° ´Ê±²µ´µ¢ ¨²¨ ¢±² ¤ ³¨ · §²¨Î´ÒÌ
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´¥´Ê±²µ´´ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò. � ¶·¨³¥·, ¢ · ¡µÉ¥ [40] ¤²Ö µ¡ÑÖ¸´¥´¨Ö
x-§ ¢¨¸¨³µ¸É¨ µÉ´µÏ¥´¨Ö FFe

2 /FD
2 ¢ µ¡² ¸É¨ x = 0, 2− 0, 7 · ¸¸³ É·¨¢ ²¨¸Ó

 ´É¨±¢ ·±µ¢Ò¥ ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò, ¶·¨¸ÊÉ¸É¢¨¥ ±µÉµ·ÒÌ, ¢µ§³µ¦´µ, ¸¢Ö§ ´µ ¸
¸ÊÐ¥¸É¢µ¢ ´¨¥³  ´É¨´Ê±²µ´µ¢ ¢ ·¥²ÖÉ¨¢¨¸É¸±µ³ Ö¤·¥. ˆ§¢¥¸É´µ É ±¦¥, ÎÉµ
 ´É¨´Ê±²µ´´Ò¥ ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò ¨£· ÕÉ ¸ÊÐ¥¸É¢¥´´ÊÕ ·µ²Ó ¶·¨  ´ ²¨§¥ ¸É -
É¨Î¥¸±¨Ì Ì · ±É¥·¨¸É¨± Ö¤· . ‚ · ¡µÉ Ì [50,51] ¡Ò²µ ¶µ± § ´µ, ÎÉµ ¶·µ¡²¥³ 
¸µ¢³¥¸É´µ£µ µ¶¨¸ ´¨Ö ±¢ ¤·Ê¶µ²Ó´µ£µ ¨ ³ £´¨É´µ£µ ³µ³¥´Éµ¢ ¤¥°É·µ´  ³µ-
¦¥É ¡ÒÉÓ ·¥Ï¥´  Éµ²Ó±µ ¶µ¸²¥ ÊÎ¥É  ¢±² ¤  ¢ ´µ·³¨·µ¢±Ê ¢µ²´µ¢µ° ËÊ´±Í¨¨
·¥²ÖÉ¨¢¨¸É¸±¨Ì P -¢µ²´, ¶·¨¸ÊÉ¸É¢¨¥ ±µÉµ·ÒÌ ¸¢Ö§ ´µ ¸  ´É¨´Ê±²µ´´Ò³¨ ¸É¥-
¶¥´Ö³¨ ¸¢µ¡µ¤Ò. ‚¶µ¸²¥¤¸É¢¨¨ ¡Ò²µ ¶µ± § ´µ, ÎÉµ ¢±² ¤ P -¢µ²´ ¢ · §²¨Î´Ò¥
¸É É¨Î¥¸±¨¥ ¨ ¤¨´ ³¨Î¥¸±¨¥ Ì · ±É¥·¨¸É¨±¨ ¤¥°É·µ´  ¸µµÉ¢¥É¸É¢Ê¥É ¢ ´¥·¥-
²ÖÉ¨¢¨¸É¸±µ³ ¶µ¤Ìµ¤¥ ¢±² ¤Ê ¶ ·´ÒÌ ³¥§µ´´ÒÌ Éµ±µ¢ [53, 57]. �Î¥¢¨¤´µ,
ÎÉµ ÔÉµÉ ÔËË¥±É ¢´¥³ ¸¸µ¢µ¸É¨, ¢ ¸¨²Ê ¥£µ ¢²¨Ö´¨Ö ´  ´¨§±µÔ´¥·£¥É¨Î¥¸±¨¥
¸¢µ°¸É¢  Ö¤· , ´¥ ³µ¦¥É ¡ÒÉÓ µÉ¡·µÏ¥´ ´  µ¸´µ¢¥ Éµ²Ó±µ ¶·¨¡²¨¦¥´¨Ö ³ ²ÒÌ
µÉ´µ¸¨É¥²Ó´ÒÌ ¨³¶Ê²Ó¸µ¢ ´Ê±²µ´µ¢ ¢ Ö¤·¥.

’ ±¨³ µ¡· §µ³, ¤²Ö ¸µ£² ¸µ¢ ´´µ£µ  ´ ²¨§  ¢´¥³ ¸¸µ¢ÒÌ ÔËË¥±Éµ¢ ¢ ƒ��
´  Ö¤· Ì ´¥µ¡Ìµ¤¨³µ ¶·µÖ¸´¨ÉÓ ·µ²Ó ¢µ§³µ¦´µ£µ ¨§³¥´¥´¨Ö Ê¸²µ¢¨Ö ± ²¨-
¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨ ¨ ¶·¨¸ÊÉ¸É¢¨Ö  ´É¨´Ê±²µ´´ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò
¢ · ³± Ì ¶·¨³¥´Ö¥³µ£µ ¶µ¤Ìµ¤ .

’·¥É¨° ÔËË¥±É ¢´¥³ ¸¸µ¢µ¸É¨, ± ± ¡Ê¤¥É ¶µ± § ´µ ¢ ¶.3.1, ¶·¨¢µ¤¨É ¢
¨³¶Ê²Ó¸´µ³ ¶·µ¸É· ´¸É¢¥ ± ¶µÖ¢²¥´¨Õ § ¢¨¸¨³µ¸É¨ µÉ ´Ê²¥¢µ° ±µ³¶µ´¥´ÉÒ
µÉ´µ¸¨É¥²Ó´µ£µ ¨³¶Ê²Ó¸  ´Ê±²µ´µ¢ (µÉ´µ¸¨É¥²Ó´µ° Ô´¥·£¨¨). �É³¥É¨³, ÎÉµ
ËÊ´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö f(y) ¢ ²¨´¥°´µ° ±µ´¢µ²ÕÍ¨µ´´µ° Ëµ·³Ê²¥

FD
2 (x) =

∫
dyFN

2 (x/y)f(y) (10)

´¥ ¸µ¤¥·¦¨É ± ±µ°-²¨¡µ § ¢¨¸¨³µ¸É¨ µÉ µÉ´µ¸¨É¥²Ó´µ° Ô´¥·£¨¨, ¨ µ¶· ¢-
¤ ÉÓ ¨¸¶µ²Ó§µ¢ ´¨¥ ÔÉµ£µ ¢Ò· ¦¥´¨Ö ³µ¦´µ Éµ²Ó±µ ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±¨Ì ³µ-
¤¥²ÖÌ, £¤¥ ¸¢Ö§ ´´µ¸ÉÓ ´Ê±²µ´  ÊÎ¨ÉÒ¢ ¥É¸Ö ¤µ¶µ²´¨É¥²Ó´Ò³¨ ¸É¥¶¥´Ö³¨ ¸¢µ-
¡µ¤Ò [58,59] ¨²¨ ¢Ò· ¦¥´  Î¥·¥§ Ô´¥·£¨Õ µÉ¤¥²¥´¨Ö ´Ê±²µ´  [11]. �·µ¸É¥°-
Ï¨° ¸¶µ¸µ¡ ¢¢¥¸É¨ ´¥É·¨¢¨ ²Ó´ÊÕ § ¢¨¸¨³µ¸ÉÓ µÉ µÉ´µ¸¨É¥²Ó´µ° Ô´¥·£¨¨ ¸µ-
¸Éµ¨É ¢ Éµ³, ÎÉµ¡Ò ¢Ò¢¥¸É¨ ¤¢Ê³¥·´ÊÕ ±µ´¢µ²ÕÍ¨µ´´ÊÕ Ëµ·³Ê²Ê ¤²Ö Ö¤¥·´µ°
‘”:

FA2 (x) =

∫
dydp2

NF̃
N
2 (x/y, p2

N)f(y, p2
N), (11)

£¤¥ ËÊ´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö µÉ· ¦ ¥É § ¢¨¸¨³µ¸ÉÓ µÉ ±¢ ¤· É  4-¨³¶Ê²Ó¸ 
´Ê±²µ´  p2

N 6= m2. ‚ ÔÉµ³ ¶µ¤Ìµ¤¥ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö F̃A2 (x/y, p2
N) ´¥µ¡Ìµ¤¨³µ

¶·¨¢²¥ÎÓ ¤µ¶µ²´¨É¥²Ó´Ò¥ ³µ¤¥²Ó´Ò¥ ¶·¥¤¶µ²µ¦¥´¨Ö ´¥ Éµ²Ó±µ µ ¸É·Ê±ÉÊ·¥
¢´¥³ ¸¸µ¢µ£µ ´Ê±²µ´ , ´µ ¨ µ ¸¢µ°¸É¢ Ì ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö f(y, p2

N) ¢
Ö¤·¥.

’ ±µ° ¶µ¤Ìµ¤ ¡Ò² · §¢¨É ¢ ·Ö¤¥ · ¡µÉ [49, 56, 60, 61]. ’ ±, ¢ [60] ¤²Ö
¢Ò¢µ¤  ¢Ò· ¦¥´¨Ö (11) ¨¸¶µ²Ó§µ¢ ² ¸Ó ÔËË¥±É¨¢´ Ö ¤¨ £· ³³´ Ö É¥Ì´¨±  ¢
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±¢ ·±µ¢µ° ³µ¤¥²¨ Ö¤· . ‚ ¶µ¸²¥¤ÊÕÐ¥° · ¡µÉ¥ [49] ¡Ò²µ ¶µ± § ´µ, ÎÉµ § -
¢¨¸¨³µ¸ÉÓ µÉ p2

N ¢ ‘” ´Ê±²µ´  ¸¢µ¤¨É¸Ö ± ÊÎ¥ÉÊ ¨§³¥´¥´¨Ö £· ´¨Î´ÒÌ Ê¸²µ-
¢¨° ¤²Ö ±¨´¥³ É¨Î¥¸±¨Ì Ì · ±É¥·¨¸É¨± ±¢ ·±µ¢ ¢ ¸¢Ö§ ´´µ³ ´Ê±²µ´¥. �Éµ
¶µ§¢µ²Ö¥É ·¥¤ÊÍ¨·µ¢ ÉÓ ¤¢Ê³¥·´ÊÕ ±µ´¢µ²ÕÍ¨µ´´ÊÕ Ëµ·³Ê²Ê (11) ¢ µ¤´µ-
³¥·´ÊÕ (10) ¸ ³µ¤¨Ë¨Í¨·µ¢ ´´Ò³  ·£Ê³¥´Éµ³ ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö f(y).
�µ§¦¥ ¶·µÍ¥¤Ê·  ·¥¤Ê±Í¨¨ ¤¢Ê³¥·´µ° ±µ´¢µ²ÕÍ¨µ´´µ° Ëµ·³Ê²Ò ¢ µ¤´µ³¥·-
´ÊÕ ¡Ò²  ·¥ ²¨§µ¢ ´  ¢ µ¡Ð¥³ ¸²ÊÎ ¥ ¢ · ³± Ì É¥µ·¥É¨±µ-¶µ²¥¢µ£µ Ëµ·-
³ ²¨§³ , ´¥§ ¢¨¸¨³µ£µ µÉ ±¢ ·±µ¢µ° ³µ¤¥²¨ ´Ê±²µ´  [62]. �Ò²µ ¶µ± § ´µ,
ÎÉµ É ±µ° É·¨¢¨ ²Ó´Ò° ±¨´¥³ É¨Î¥¸±¨° ÊÎ¥É § ¢¨¸¨³µ¸É¨ µÉ µÉ´µ¸¨É¥²Ó´µ°
Ô´¥·£¨¨ ¢ f(y) ¢¥¤¥É ± ´ ·ÊÏ¥´¨Õ ¡ ·¨µ´´µ£µ ¶· ¢¨²  ¸Ê³³:

f(y) =

∫
d4k

(2π)4
f̃(k)yδ

(
y − MD/2− k0 + k3

MD

)
, (12)

∫
dyf(y) 6= 1, (13)

£¤¥ k µ¡µ§´ Î ¥É µÉ´µ¸¨É¥²Ó´Ò° 4-¨³¶Ê²Ó¸ ´Ê±²µ´µ¢, ¸¢Ö§ ´´ÒÌ ¢ ¶µ±µÖ-
Ð¥³¸Ö ¤¥°É·µ´¥. �´ ²µ£¨Î´Ò° ¶µ ¸ÊÉ¨ ·¥§Ê²ÓÉ É ¢ · ³± Ì ±¢ ·±µ¢µ° ³µ¤¥²¨
´Ê±²µ´  ¡Ò² ¶µ²ÊÎ¥´ ¢ · ¡µÉ¥ [61], £¤¥ ¶µ± § ´µ, ÎÉµ µ¤¨´ Éµ²Ó±µ ±¨´¥³ É¨-
Î¥¸±¨° ÊÎ¥É p2

N-§ ¢¨¸¨³µ¸É¨ ¶·¨¢µ¤¨É ± ¨§³¥´¥´¨Õ Î¨¸²  ¢ ²¥´É´ÒÌ ±¢ ·±µ¢
¢ ´Ê±²µ´¥.

’ ±¨³ µ¡· §µ³, ¢µ§´¨± ¥É ´¥µ¡Ìµ¤¨³µ¸ÉÓ ¢¢¥¤¥´¨Ö ¤¨´ ³¨Î¥¸±µ° § ¢¨-
¸¨³µ¸É¨ ±¢ ·±µ¢µ£µ · ¸¶·¥¤¥²¥´¨Ö ¢ ´Ê±²µ´¥ µÉ ±¢ ¤· É  ¶µ²´µ£µ ¨³¶Ê²Ó¸ 
´Ê±²µ´  p2

N. �¤´ ±µ, ± ± ¶µ± § ´µ ¢ [61], ÊÎeÉ ¤¨´ ³¨±¨ ÌµÉÖ ¨ ¶µ§¢µ²Ö¥É ¤µ-
¡¨ÉÓ¸Ö ¸µÌ· ´¥´¨Ö Î¨¸²  ¢ ²¥´É´ÒÌ ±¢ ·±µ¢ ¢ ´Ê±²µ´¥, ´µ ¶·¨ ÔÉµ³ ¶·¨¢µ¤¨É
± §´ Î¨É¥²Ó´µ³Ê µ¸² ¡²¥´¨Õ § ¢¨¸¨³µ¸É¨ µÉ´µÏ¥´¨Ö FA

2 (x)/FD
2 (x) µÉ p2

N.
’ ± ± ± ÔÉ¨ ¶µ¤Ìµ¤Ò µ¸´µ¢ ´Ò ´  ±¢ ·±µ¢µ° ³µ¤¥²¨ ¤²Ö ´Ê±²µ´ , µ´¨

¶µ§¢µ²ÖÕÉ ÊÎ¥¸ÉÓ ¢µ§³µ¦´ÊÕ ¢´¥³ ¸¸µ¢ÊÕ ¤¥Ëµ·³ Í¨Õ ´Ê±²µ´´µ° ¸É·Ê±ÉÊ·Ò
¢ Ö¤·¥ ´  µ¸´µ¢¥ ¨´Ëµ·³ Í¨¨ µ ±¢ ·±µ¢µ° ¸É·Ê±ÉÊ·¥ Ö¤· . ’µ ¥¸ÉÓ ¤²Ö ¸µ£² -
¸µ¢ ´´µ° ³¨±·µ¸±µ¶¨Î¥¸±µ° ± ·É¨´Ò Ö¤¥·´ÒÌ ÔËË¥±Éµ¢ ¢ ƒ�� ´¥µ¡Ìµ¤¨³µ
¶µ¸É·µ¨ÉÓ É ±ÊÕ ±¢ ·±µ¢ÊÕ ³µ¤¥²Ó Ö¤· , ¢ · ³± Ì ±µÉµ·µ° ¢µ§³µ¦´µ ¡Ò²µ
¡Ò ¢Ò¤¥²¥´¨¥ ´Ê±²µ´´ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò. „²Ö ¸²ÊÎ Ö ¡¥¸±µ´¥Î´µ° Ö¤¥·´µ°
³ É¥·¨¨ ¶µ¤µ¡´ Ö ³µ¤¥²Ó ¡Ò²  · §¢¨É  ¢ · ¡µÉ¥ [63]. �´  µ¸´µ¢ ´  ´  ³µ-
¤¥²¨ ±¢ ·±µ¢µ£µ ³¥Ï± , ¢ ±µÉµ·µ³ ±¢ ·±¨ µ¡³¥´¨¢ ÕÉ¸Ö ¸± ²Ö·´Ò³¨ ¨ ¢¥±-
Éµ·´Ò³¨ ³¥§µ´ ³¨. ”µ·³ ²Ó´µ ÔÉ  ³µ¤¥²Ó ³µ¦¥É ¡ÒÉÓ § ¶¨¸ ´  É ± ¦¥, ± ±
¨ ³µ¤¥²Ó ‚ ²¥Î±¨ [64], ´µ ¸ ¤µ¶µ²´¨É¥²Ó´Ò³ Ê¸²µ¢¨¥³, ¸µ£² ¸´µ ±µÉµ·µ³Ê
¸·¥¤´¥¥ ¸± ²Ö·´µ¥ ¶µ²¥ ³¥´Ö¥É¸Ö ¢ µÉ¢¥É ´  ¨§³¥´¥´¨¥ ¢´ÊÉ·¥´´¥° ´Ê±²µ´´µ°
¸É·Ê±ÉÊ·Ò [65]. � ¸Ï¨·¥´¨¥ ÔÉµ° ³µ¤¥²¨ ¢ µ¡² ¸ÉÓ ±µ´¥Î´ÒÌ A ¸ ¶µ³µÐÓÕ
¶·¨¡²¨¦¥´¨Ö ²µ± ²Ó´µ° ¶²µÉ´µ¸É¨ ¶·¨¢¥²µ ± ¶¥·¥µÍ¥´±¥ ÔËË¥±Éµ¢ Ö¤¥·´µ°
¸¢Ö§¨ ¢ ¤¢ -É·¨ · §  [66].

�²ÓÉ¥·´ É¨¢´Ò° ¶µ¤Ìµ¤, ¸¢µ¡µ¤´Ò° µÉ ¶·¨¸ÊÐ¨Ì ±¢ ·±µ¢Ò³ ³µ¤¥²Ö³ ´¥-
µ¶·¥¤¥²¥´´µ¸É¥°, ³µ¦¥É ¡ÒÉÓ · §¢¨É ¢ · ³± Ì Ëµ·³ ²¨§³  �¥É¥Å‘µ²¶¨É¥· 
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´  µ¸´µ¢¥ µ¡Ð¨Ì ¸¢µ°¸É¢ ´Ê±²µ´´ÒÌ ËÊ´±Í¨° ƒ·¨´ . �Ê±²µ´ ¢ É ±µ³ ¶µ¤Ìµ¤¥
· ¸¸³ É·¨¢ ¥É¸Ö ± ± Î¥ÉÒ·¥Ì³¥·´Ò° Î¥·´Ò° ÖÐ¨± ¸µ ¸É·Ê±ÉÊ·´Ò³¨ ËÊ´±Í¨-
Ö³¨ ¢ ± Î¥¸É¢¥ ¢Ìµ¤´ÒÌ § ¢¨¸¨³µ¸É¥°. �·µ¡²¥³   ´ ²¨§  ¢´¥³ ¸¸µ¢ÒÌ ÔË-
Ë¥±Éµ¢ ³µ¦¥É ¡ÒÉÓ ¸¢¥¤¥´  ± ¨§ÊÎ¥´¨Õ ¤¥Ëµ·³ Í¨¨ Î¥·´µ£µ ÖÐ¨±  [42]. ‚
· ³± Ì É ±µ£µ ¶µ¤Ìµ¤  ¸É·Ê±ÉÊ·´ Ö ËÊ´±Í¨Ö Ö¤·  ¢Ò· ¦ ¥É¸Ö Î¥·¥§ ‘” Ë¨-
§¨Î¥¸±¨Ì ´Ê±²µ´µ¢ ¨ ¨Ì ¶·µ¨§¢µ¤´Ò¥ ´  ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨.

3. ”��Œ�‹ˆ‡Œ

–¥²Ó ´ ¸ÉµÖÐ¥£µ · §¤¥²  Å · ¸¸³µÉ·¥´¨¥ Ëµ·³ ²¨§³  µ¶¨¸ ´¨Ö ¶·µ-
Í¥¸¸  ƒ�� ´  ¸¨¸É¥³¥ ¸¢Ö§ ´´ÒÌ ´Ê±²µ´µ¢.

�·¨  ´ ²¨§¥ ¶·µÍ¥¸¸µ¢ ¸ ÊÎ ¸É¨¥³ ¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨° ¢ · ³± Ì ²µ-
± ²Ó´µ° É¥µ·¨¨ ¶µ²Ö ¶·¨Ìµ¤¨É¸Ö · ¸¸³ É·¨¢ ÉÓ Î ¸É¨ÍÒ, ´¥ Ö¢²ÖÕÐ¨¥¸Ö ¸¢µ-
¡µ¤´Ò³¨ ´   ¸¨³¶ÉµÉ¨±¥. ‘µ£² ¸µ¢ ´´µ° ¶·µÍ¥¤Ê·µ°, ¶µ§¢µ²ÖÕÐ¥° ¶¥·¥´¥-
¸É¨ ¢¸Õ ¨´Ëµ·³ Í¨Õ µ Ë¨§¨Î¥¸±¨Ì ¸µ¸ÉµÖ´¨ÖÌ, § ±²ÕÎ¥´´ÊÕ ¢ µ¡±² ¤± Ì
³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢, ´  ¶·µ¨§¢¥¤¥´¨¥ ¶µ²¥¢ÒÌ µ¶¥· Éµ·µ¢, Ö¢²Ö¥É¸Ö ·¥¤Ê±-
Í¨µ´´ Ö É¥Ì´¨± , ¶·¥¤²µ¦¥´´ Ö ¢ · ¡µÉ Ì [67]. �É  É¥Ì´¨±  µ¸´µ¢ ´  ´ 
¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ Ë¨§¨Î¥¸±¨¥ ¸µ¸ÉµÖ´¨Ö ¢ µ¡±² ¤± Ì ³ É·¨Î´ÒÌ Ô²¥³¥´-
Éµ¢ ³µ£ÊÉ · ¸¸³ É·¨¢ ÉÓ¸Ö ± ± ¸¢µ¡µ¤´Ò¥ ´   ¸¨³¶ÉµÉ¨±¥,   ¢§ ¨³µ¤¥°¸É¢¨¥
¢±²ÕÎ ¥É¸Ö  ¤¨ ¡ É¨Î¥¸±¨. ’ ±¨³ µ¡· §µ³, ¨§ · ¸¸³µÉ·¥´¨Ö ¨¸±²ÕÎ ÕÉ¸Ö
¸¢Ö§ ´´Ò¥ ¸µ¸ÉµÖ´¨Ö, ±µÉµ·Ò¥ ´¥ Ê¤µ¢²¥É¢µ·ÖÕÉ ¸¤¥² ´´µ³Ê ¶·¥¤¶µ²µ¦¥´¨Õ.
„²Ö Éµ£µ ÎÉµ¡Ò ¢±²ÕÎ¨ÉÓ ¢ · ¸¸³µÉ·¥´¨¥ ¸¢Ö§ ´´Ò¥ ¸µ¸ÉµÖ´¨Ö, ·¥¤Ê±Í¨µ´´ÊÕ
É¥Ì´¨±Ê ´¥µ¡Ìµ¤¨³µ ¤µ¶µ²´¨ÉÓ ¶·µÍ¥¤Ê·µ°, ¶µ§¢µ²ÖÕÐ¥° ¢Ò· §¨ÉÓ ¸·¥¤´¨¥
¶µ É ±¨³ ¸µ¸ÉµÖ´¨Ö³ Î¥·¥§ ¢ ±ÊÊ³´Ò¥ ¸·¥¤´¨¥.

‚ · ³± Ì ´¥·¥²ÖÉ¨¢¨¸É¸±µ° É¥µ·¨¨ ¶µ²Ö ÔÉ  ¶·µ¡²¥³  ·¥Ï ¥É¸Ö ¶ÊÉ¥³
¢¢¥¤¥´¨Ö ¢´¥Ï´¥£µ ±² ¸¸¨Î¥¸±µ£µ ¶µ²Ö, ±µÉµ·µ¥ ¶µ§¢µ²Ö¥É µ¶¨¸Ò¢ ÉÓ ¤¨´ -
³¨±Ê ¸¢Ö§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö ¤¢¨¦¥´¨¥³ Î ¸É¨ÍÒ ¢ ¶µÉ¥´Í¨ ²Ó´µ° Ö³¥. ‚ ·¥-
§Ê²ÓÉ É¥ ¢ÒÎ¨¸²¥´¨¥ ¸·¥¤´¥£µ ¶µ ¸¢Ö§ ´´µ³Ê ¸µ¸ÉµÖ´¨Õ ¸¢µ¤¨É¸Ö ± · ¸Î¥ÉÊ
¸·¥¤´¥£µ ¶µ µ¤´µÎ ¸É¨Î´µ³Ê ¸µ¸ÉµÖ´¨Õ,   ÔËË¥±ÉÒ ¸¢Ö§¨ ÊÎ¨ÉÒ¢ ÕÉ¸Ö ¢¢¥-
¤¥´¨¥³ ¨³¶Ê²Ó¸´µ£µ · ¸¶·¥¤¥²¥´¨Ö ÔÉµ° Î ¸É¨ÍÒ. ’ ±µ° ¶·µ¸Éµ° ¸¶µ¸µ¡
¶µ§¢µ²Ö¥É ¶µ²ÊÎ¨ÉÓ ¸É·Ê±ÉÊ·´ÊÕ ËÊ´±Í¨Õ Ö¤·  ¢ ±µ´¢µ²ÕÍ¨µ´´µ³ ¢¨¤¥ [11].
�µ²Ó ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¶µ¶· ¢µ± ¨ ÔËË¥±Éµ¢ ¢´¥³ ¸¸µ¢µ¸É¨ ¶·¨ ÔÉµ³ µ¸É -
¥É¸Ö ´¥¢ÒÖ¸´¥´´µ°. ‚ · ³± Ì ±¢ §¨¶µÉ¥´Í¨ ²Ó´ÒÌ ¶µ¤Ìµ¤µ¢ ·¥Ï¥´¨¥ ¶·µ-
¡²¥³Ò ¸¢Ö§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö ´Ê±²µ´µ¢ ¸¢µ¤¨É¸Ö ± ¢Ò¢µ¤Ê  ´ ²µ£  Ê· ¢´¥´¨Ö
˜·¥¤¨´£¥·  ¸ ±µ¢ ·¨ ´É´Ò³ É·¥Ì³¥·´Ò³ ¶µÉ¥´Í¨ ²µ³ [49, 68Ä75]. ’µ£¤ 
¢ÒÎ¨¸²¥´¨¥ ¸·¥¤´¨Ì ¶µ ¸¢Ö§ ´´Ò³ ¸µ¸ÉµÖ´¨Ö³, ¶µ ¸ÊÉ¨ ¤¥² , ´¥ µÉ²¨Î ¥É¸Ö
µÉ ´¥·¥²ÖÉ¨¢¨¸É¸±µ£µ ¸²ÊÎ Ö. �¤´ ±µ ¢ µÉ²¨Î¨¥ µÉ ´¥·¥²ÖÉ¨¢¨¸É¸±¨Ì ¶µ¤-
Ìµ¤µ¢ ±¢ §¨¶µÉ¥´Í¨ ²Ó´Ò° ¶µ¤Ìµ¤ ¶µ§¢µ²¨² ± Î¥¸É¢¥´´µ ¨¸¸²¥¤µ¢ ÉÓ ·µ²Ó
·Ö¤  ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¨ ¢´¥³ ¸¸µ¢ÒÌ ÔËË¥±Éµ¢ ¢ £²Ê¡µ±µ´¥Ê¶·Ê£µ³ · ¸¸¥Ö-
´¨¨ [49,56,61].
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‚ · ¡µÉ¥ [76] ¡Ò² ¶·¥¤²µ¦¥´ ³¥Éµ¤ ¢ÒÎ¨¸²¥´¨Ö ¸·¥¤´¨Ì µÉ T-¶·µ¨§¢¥¤¥-
´¨Ö ²µ± ²Ó´ÒÌ µ¶¥· Éµ·µ¢ ¶µ ¸¢Ö§ ´´Ò³ ¸µ¸ÉµÖ´¨Ö³, ±µÉµ·Ò° µ¸µ¡¥´´µ  ±-
É¨¢´µ ¨¸¶µ²Ó§Ê¥É¸Ö ¨ · §¢¨¢ ¥É¸Ö ¢ ¶µ¸²¥¤´¥¥ ¢·¥³Ö [43, 48, 52, 77, 78]. ‘ÊÉÓ
ÔÉµ£µ ³¥Éµ¤  § ±²ÕÎ ¥É¸Ö ¢ Éµ³, ÎÉµ ¸·¥¤´¨¥ ¶µ ¸¢Ö§ ´´Ò³ ¸µ¸ÉµÖ´¨Ö³ ¢Ò· -
¦ ÕÉ¸Ö Î¥·¥§ ¢ ±ÊÊ³´Ò¥ ¸·¥¤´¨¥ µÉ T-¶·µ¨§¢¥¤¥´¨Ö ²µ± ²Ó´ÒÌ µ¶¥· Éµ·µ¢ ¨
³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¶¥·¥Ìµ¤  ³¥¦¤Ê ¢ ±ÊÊ³µ³ ¨ ¸¢Ö§ ´´Ò³ ¸µ¸ÉµÖ´¨¥³. � ¸-
¸³µÉ·¨³ ¶·¨³¥´¥´¨¥ ÔÉµ£µ ³¥Éµ¤  ± ¶·Ö³Ò³ ¶·µÍ¥¸¸ ³ ¸ ÊÎ ¸É¨¥³ ¸¢Ö§ ´´µ£µ
¸µ¸ÉµÖ´¨Ö n-´Ê±²µ´µ¢.

3.1. �³¶²¨ÉÊ¤  �¥É¥Å‘µ²¶¨É¥· . �µ¸±µ²Ó±Ê · ¸Î¥É ¸¥Î¥´¨Ö £²Ê¡µ±µ´¥-
Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ¸¢µ¤¨É¸Ö ±  ´ ²¨§Ê  ³¶²¨ÉÊ¤Ò ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö
¢¶¥·¥¤ (5), µ£· ´¨Î¨³¸Ö · ¸¸³µÉ·¥´¨¥³ ¶·µÍ¥¤Ê·Ò ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´µ£µ
Ô²¥³¥´É  µÉ T-¶·µ¨§¢¥¤¥´¨Ö ²µ± ²Ó´ÒÌ µ¶¥· Éµ·µ¢ η(y1) . . . η(yk) ¶µ ¸¢Ö§ ´-
´Ò³ ¸µ¸ÉµÖ´¨Ö³ A:

〈A|T(η1(y1) . . . ηk(yk))|A〉, (14)

£¤¥ ηi(yi) Å ´ ¡µ· µ¶¥· Éµ·µ¢ Éµ± , µ¶·¥¤¥²ÖÕÐ¨Ì ¢§ ¨³µ¤¥°¸É¢¨¥ ´Ê±²µ´µ¢
¸ ¢´¥Ï´¨³¨ ¶µ²Ö³¨. ‚ µ¡Ð¥³ ¸²ÊÎ ¥ Î ¸ÉÓ µ¶¥· Éµ·µ¢ ¨§ ´ ¡µ·  ηi(yi) ³µ-
¦¥É ¸µ¢¶ ¤ ÉÓ ¤·Ê£ ¸ ¤·Ê£µ³. ‚µ¸¶µ²Ó§Ê¥³¸Ö É¥³ Ë ±Éµ³, ÎÉµ ¢ µ¶·¥¤¥²¥´´µ°
±¨´¥³ É¨Î¥¸±µ° µ¡² ¸É¨ ¸µ¢³¥¸É´µ¥ · ¸¶·µ¸É· ´¥´¨¥ n-¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì
´Ê±²µ´µ¢ ¶·µÌµ¤¨É Î¥·¥§ µ¡· §µ¢ ´¨¥ ¸¢Ö§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö. ‚ ÔÉµ³ ¸²ÊÎ ¥
¶¥·¢Ò° Î²¥´ ·Ö¤  · §²µ¦¥´¨Ö n-´Ê±²µ´´µ° ËÊ´±Í¨¨ ƒ·¨´  ¶µ ¶·µ³¥¦ÊÉµÎ-
´Ò³ ¸µ¸ÉµÖ´¨Ö³ ¨³¥¥É ¢¨¤

〈0|T(Ψ(x1) . . .Ψ(xn)Ψ(x′1) . . .Ψ(x′n)|0〉 =

=

∫
d3P

(2π)3

∑
α

〈0|T(Ψ(x1) . . .Ψ(xn))|A(α, P )〉 ×

×〈A(α, P )|T(Ψ(x′1) . . .Ψ(x′n))|0〉θ(min{x0i} −max{x′0i}) + . . . (15)

‡¤¥¸Ó α µ¡µ§´ Î ¥É ´ ¡µ· ¤¨¸±·¥É´ÒÌ ±¢ ´Éµ¢ÒÌ Î¨¸¥² ¸µ¸ÉµÖ´¨Ö A, a P Å
¥£µ ¶µ²´Ò° ¨³¶Ê²Ó¸, ±µÉµ·Ò° ¢ ¸¨²Ê § ±µ´  ¸µÌ· ´¥´¨Ö Ô´¥·£¨¨ ¸µ¢¶ -
¤ ¥É ¸ ¶µ²´Ò³ ¨³¶Ê²Ó¸µ³ ¸¨¸É¥³Ò ¶µ²¥° Ψ. ‚µ§´¨±Ï Ö ¶·¨ · ¸±·ÒÉ¨¨
T-¶·µ¨§¢¥¤¥´¨Ö ¢ ³ É·¨Î´µ³ Ô²¥³¥´É¥ (15) θ-ËÊ´±Í¨Ö µ¡¥¸¶¥Î¨¢ ¥É ¢Ò¶µ²-
´¥´¨¥ Ê¸²µ¢¨Ö ¶·¨Î¨´´µ¸É¨:

min{x0i} > max{x′0i}. (16)

Œ ±¸¨³ ²Ó´Ò¥ ¨ ³¨´¨³ ²Ó´Ò¥ ±µµ·¤¨´ ÉÒ ³µ£ÊÉ ¡ÒÉÓ µ¶·¥¤¥²¥´Ò ¸ ¶µ-
³µÐÓÕ ¢¢¥¤¥´¨Ö ¸·¥¤´¥° ±µµ·¤¨´ ÉÒ n ¶µ²¥°, ¸µ¶·Ö¦¥´´µ° ¶µ²´µ³Ê ¨³-
¶Ê²Ó¸Ê P :

X =

n∑
i

xi

n
, (17)
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¨ ±µµ·¤¨´ É ´Ê±²µ´µ¢ µÉ´µ¸¨É¥²Ó´µ ÔÉµ° ÉµÎ±¨:

x̃i = X − xi. (18)

‚ ·¥§Ê²ÓÉ É¥ ³ ±¸¨³ ²Ó´ Ö ¨ ³¨´¨³ ²Ó´ Ö ±µµ·¤¨´ ÉÒ ³µ£ÊÉ ¡ÒÉÓ µ¶·¥¤¥-
²¥´Ò ± ±

max{x0i} = X0 + |max{x̃0i}|,
min{x0i} = X0 − |max{x̃0i}|. (19)

�·¨³¥´ÖÖ ¨´É¥£· ²Ó´µ¥ ¶·¥¤¸É ¢²¥´¨¥ ¤²Ö θ-ËÊ´±Í¨¨

θ(x0) =
i

2π

+∞∫
−∞

eip0x0

p0 + iδ
dp0, (20)

¶µ²ÊÎ ¥³ ´¥µ¡Ìµ¤¨³µ¥ ´ ³ ¢Ò· ¦¥´¨¥, ¸¢Ö§Ò¢ ÕÐ¥¥ ¢ ±ÊÊ³´µ¥ ¸·¥¤´¥¥ µÉ
´Ê±²µ´´ÒÌ µ¶¥· Éµ·µ¢ ¨ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¶¥·¥Ìµ¤  µÉ ¢ ±ÊÊ³  ± ¸¢Ö§ ´-
´µ³Ê ¸µ¸ÉµÖ´¨Õ:

〈0|T(Ψ(x1) . . .Ψ(xn)Ψ(x′1) . . .Ψ(x′n)|0〉 =

=
∑
α

∫
d3P

(2π)3
dP0

2π
ei(P0−E)(X0−X′0) ×

× e−i(P0−E)(|max{x̃0i}|+|max{x̃′0i}|) ×

×〈0|T(Ψ(x1) . . .Ψ(xn))|A(α, P )〉〈A(α, P )|T(Ψ(x1) . . .Ψ(xn))|0〉
P0 − E + iδ

. (21)

�¥Ê¤µ¡¸É¢µ ÔÉµ£µ ¢Ò· ¦¥´¨Ö ¸µ¸Éµ¨É ¢ ¨¸¶µ²Ó§µ¢ ´¨¨ ¤¢ÊÌ ´ ¡µ·µ¢ ±µµ·¤¨-
´ É µ¤´µ¢·¥³¥´´µ Å {xi} ¨ {X, x̃i}. „²Ö Éµ£µ ÎÉµ¡Ò µÉ ´¥£µ ¨§¡ ¢¨ÉÓ¸Ö,
¶¥·¥°¤¥³ ± ¨¸¶µ²Ó§µ¢ ´¨Õ ¶µ¢¸Õ¤Ê ¢ · ¸Î¥É Ì ¢Éµ·µ£µ ´ ¡µ·  ±µµ·¤¨´ É. ‚
¸¨²Ê É· ´¸²ÖÍ¨µ´´µ° ¨´¢ ·¨ ´É´µ¸É¨ ¸¶· ¢¥¤²¨¢µ ¸²¥¤ÊÕÐ¥¥ ¸µµÉ´µÏ¥´¨¥
¤²Ö ¶µ²¥° Ψ:

Ψ(x+ x̃) = e−iP̂xΨ(x̃)eiP̂ x. (22)

‡ ³¥´¨¢ xi ´  X−x̃i ¢ µ¶¥· Éµ· Ì Ψ ¨ Ψ ¨ ¸¤¢¨´Ê¢ ´  X ¸ ¶µ³µÐÓÕ ¶·¥µ¡· -
§µ¢ ´¨Ö (22), ¢¢¥¤¥³ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¶¥·¥Ìµ¤  µÉ ¢ ±ÊÊ³  ± ¸¢Ö§ ´´µ³Ê
¸µ¸ÉµÖ´¨Õ ¢ ¶·µ¸É· ´¸É¢¥ µÉ´µ¸¨É¥²Ó´ÒÌ ¶µ²µ¦¥´¨° ´Ê±²µ´µ¢:

〈0|T(e−iP̂XΨ(x1)e
iP̂X . . . e−iP̂XΨ(xn)e

iP̂X)|A〉 =

= χAα,P (x̃1, . . . x̃n)ei(EX0−P·X),

〈A|T(eiP̂XΨ(x′1)e
−iP̂X . . . eiP̂XΨ(x′n)e−iP̂X)|0〉 =

= χAα′,P (x̃′1, . . . x̃
′
n)e−i(EX0−P·X). (23)
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•µÉÖ Ëµ·³ ²Ó´µ ËÊ´±Í¨¨ χAα § ¢¨¸ÖÉ µÉ n-¶¥·¥³¥´´ÒÌ, Éµ²Ó±µ n− 1 ¨§ ´¨Ì
Ö¢²ÖÕÉ¸Ö ´¥§ ¢¨¸¨³Ò³¨ ¢ ¸¨²Ê Ê· ¢´¥´¨Ö

n∑
i

x̃i = 0.

‚ ·¥§Ê²ÓÉ É¥ ÔÉ¨Ì ¶·¥µ¡· §µ¢ ´¨° ¢Ò· ¦¥´¨¥ (21) ¶·¨´¨³ ¥É ¢¨¤

〈0|T(Ψ(x̃1) . . .Ψ(x̃n)Ψ(x̃′1) . . .Ψ(x̃′n))|0〉 =

=
∑
α

∫
d4P

(2π)4
eiP (X−X′)χ

A
α,P (x̃1, . . . x̃n)χAα,P (x̃′1, . . . x̃

′
n)

P0 − E + iδ
. (24)

‚ ¸¨²Ê Éµ£µ ÎÉµ ¨´É¥£· ² ¶µ P0 µ¶·¥¤¥²Ö¥É¸Ö ¶µ¢¥¤¥´¨¥³ ¶µ¤Ò´É¥£· ²Ó-
´µ£µ ¢Ò· ¦¥´¨Ö ¢¡²¨§¨ ¶µ²Õ¸  P0 = E, §¤¥¸Ó µ¶ÊÐ¥´  Ô±¸¶µ´¥´É 
exp{−i(P0 − E)(|max{x̃0i}|+ |max{x̃′0i}|)}.

‚¢¥¤¥´´Ò¥ ¢ÒÏ¥ ´¥¨§¢¥¸É´Ò¥ ËÊ´±Í¨¨ χAα,P ¨ χAα,P , ¢Ìµ¤ÖÐ¨¥ ¢ ³ É·¨Î-
´Ò¥ Ô²¥³¥´ÉÒ ¶¥·¥Ìµ¤  µÉ ¢ ±ÊÊ³  ± ¸¢Ö§ ´´µ³Ê ¸µ¸ÉµÖ´¨Õ (23), µ¶¨¸Ò¢ ÕÉ
¸µ¸ÉµÖ´¨¥ Ö¤·  ¢ É¥·³¨´ Ì ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò ¢¨·ÉÊ ²Ó´ÒÌ ´Ê±²µ´µ¢ ¨ ´ -
§Ò¢ ÕÉ¸Ö  ³¶²¨ÉÊ¤ ³¨ �¥É¥Å‘µ²¶¨É¥· . �É¨  ³¶²¨ÉÊ¤Ò ¶µ§¢µ²ÖÕÉ ·¥Ï¨ÉÓ
µ¸´µ¢´ÊÕ § ¤ ÎÊ,   ¨³¥´´µ ¢Ò· §¨ÉÓ ¸·¥¤´¨¥ ¶µ ¸¢Ö§ ´´Ò³ ¸µ¸ÉµÖ´¨Ö³ Î¥·¥§
¢ ±ÊÊ³´Ò¥ ¸·¥¤´¨¥.

3.2. �´ ²¨§ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¢ Ëµ·³ ²¨§³¥ �¥É¥Å‘µ²¶¨É¥· . „²Ö
Éµ£µ ÎÉµ¡Ò ¢ÒÖ¢¨ÉÓ ¸¢Ö§Ó ³ É·¨Î´µ£µ Ô²¥³¥´É  (14) ¸ ´Ê±²µ´´Ò³¨ ËÊ´±Í¨Ö³¨
ƒ·¨´  ¨  ³¶²¨ÉÊ¤ ³¨ �¥É¥Å‘µ²¶¨É¥· , · ¸¸³µÉ·¨³ ³ É·¨Î´Ò° Ô²¥³¥´É

〈0|T(Ψ(x1) . . .Ψ(xn)η(y1) . . . η(yk)Ψ(x′1) . . .Ψ(x′n))|0〉 (25)

¢ µ±·¥¸É´µ¸É¨ ¸¨´£Ê²Ö·´µ¸É¨ n-´Ê±²µ´´µ£µ ¸¢Ö§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö P 2 = M2.
� §µ¡Ó¥³ ¢·¥³¥´¨Ê¶µ·Ö¤µÎ¥´´µ¥ ¶·µ¨§¢¥¤¥´¨¥ ¢ ³ É·¨Î´µ³ Ô²¥³¥´É¥ (14)

´  ¶·µ¨§¢¥¤¥´¨¥ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ µÉ Ψ, η, Ψ. „²Ö ÔÉµ£µ ¢Ò¡¥·¥³ ³ ±¸¨-
³ ²Ó´ÊÕ ¨ ³¨´¨³ ²Ó´ÊÕ ´Ê²¥¢Ò¥ ±µ³¶µ´¥´ÉÒ ¨§ ´ ¡µ·  {xi} ¢ ¸µµÉ¢¥É¸É¢¨¨
¸ (19) ¨ ¶·¥¤¸É ¢¨³ T-¶·µ¨§¢¥¤¥´¨¥ ¢ ¢¨¤¥ ¤¢ÊÌ ¸² £ ¥³ÒÌ:

T(Ψ(x1) . . .Ψ(xn)η(y1) . . . η(yk)Ψ(x′1) . . .Ψ(x′n)) =

= T(Ψ(x1) . . .Ψ(xn))T(η(y1) . . . η(yk))T(Ψ(x′1) . . .Ψ(x′n))×
× θ(X0 − Y0 − |max{x̃0i}| − |max{ỹ0i}|)×
× θ(Y0 −X ′0 − |max{x̃′0i}| − |max{ỹ0i}|) +

+ T(Ψ(x′1) . . .Ψ(x′n))T(η(y1) . . . η(yk))T(Ψ(x1) . . .Ψ(xn))×
× θ(X ′0 − Y0 − |max{x̃′0i}| − |max{ỹ0i}|)×
× θ(Y0 −X0 − |max{x̃0i}| − |max{ỹ0i}|).



1352 �“��‚ B.B., Œ�‹�—Š�‚ A.B., ‘Œˆ���‚ ƒ.ˆ.

‚¸É ¢¨¢ ¶µ²´Ò° ´ ¡µ· ³¥¦¤Ê T-¶·µ¨§¢¥¤¥´¨Ö³¨, ¶¥·¥¶¨Ï¥³ ¢Ò· ¦¥´¨¥ (14)
¢ ¢¨¤¥ ¸Ê³³Ò ¶µ ¸µ¸ÉµÖ´¨Ö³ ¨§ ¶µ²´µ£µ ´ ¡µ· :

〈0|T(Ψ(x1) . . .Ψ(xn)η(y1) . . . η(yk)Ψ(x′1) . . .Ψ(x′n))|0〉 =

=
∑
R

〈0|T(Ψ(x1) . . .Ψ(xn))|R〉〈R|T(η(y1) . . . η(yk))|R〉 ×

×〈R|T(Ψ(x′1) . . .Ψ(x′n))|0〉θ(X0 − Y0 − |max{x̃0i}| − |max{ỹ0i}|)×

× θ(Y0 −X ′0 − |max{x̃′0i}| − |max{ỹ0i}|) +

+
∑
R

〈0|T(Ψ(x′1) . . .Ψ(x′n))|R〉〈R|T(η(y1) . . . η(yk))|R〉 ×

×〈R|T(Ψ(x1) . . .Ψ(xn))|0〉θ(X ′0 − Y0 − |max{x̃′0i}| − |max{ỹ0i}|)×

× θ(Y0 −X0 − |max{x̃0i}| − |max{ỹ0i}|), (26)

£¤¥
∑
R

µ¡µ§´ Î ¥É ¸Ê³³¨·µ¢ ´¨¥ ¶µ ¤¨¸±·¥É´Ò³ ±¢ ´Éµ¢Ò³ Î¨¸² ³ ¨ ¨´É¥-

£·¨·µ¢ ´¨¥ ¶µ ´¥¶·¥·Ò¢´Ò³ ¶¥·¥³¥´´Ò³.
�µ¸±µ²Ó±Ê ´ ¸ ¨´É¥·¥¸Ê¥É ¶µ¢¥¤¥´¨¥ ³ É·¨Î´µ£µ Ô²¥³¥´É  (14) ¢¡²¨§¨

¶µ²Õ¸  P 2 = M2, ¤µ¸É ÉµÎ´µ · ¸¸³µÉ·¥ÉÓ ¢±² ¤ ´¨¦ °Ï¥£µ ¸¢Ö§ ´´µ£µ ¸µ-
¸ÉµÖ´¨Ö ¢ ¢Ò· ¦¥´¨¨ (26), ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ÔÉµ³Ê ¶µ²Õ¸Ê. � ¸¸³ É·¨¢ ¥-
³µ³Ê ¸¢Ö§ ´´µ³Ê ¸µ¸ÉµÖ´¨Õ ¸µµÉ¢¥É¸É¢Ê¥É ¶¥·¢Ò° Î²¥´ ·Ö¤  (26) ¸ R = A.
‚µ¸¶µ²Ó§µ¢ ¢Ï¨¸Ó ¨´É¥£· ²Ó´Ò³ ¶·¥¤¸É ¢²¥´¨¥³ ¤²Ö θ-ËÊ´±Í¨¨ (20), ¶µ²Ê-
Î¨³ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö ³ É·¨Î´µ£µ Ô²¥³¥´É  (25):

〈0|T(Ψ(x1)...Ψ(xn)η(y1)...η(yk)Ψ(x′1)...Ψ(x′n)|0〉 =
∑
α,α′

∫
d3P

(2π)3
d3P ′

(2π)3
×

×〈0|TΨ(x1)...Ψ(xn)|A,P 〉〈A,P |Tη(y1)...η(yk)|A,P ′〉×

×〈A,P ′|TΨ(x′1)...Ψ(x′n)|0〉
∫

dP0

(2π)

dP ′0
(2π)
×

×e
i(P0−E)(X0−Y0)ei(P

′
0−E

′)(Y0−X′0)ei(P0−E)(max{x̃0i}−y/2)ei(P
′
0−E

′)(max{x̃′0i}−y/2)

(P0 − E + iδ)(P ′0 − E′ + iδ)
.

(27)

�¥·¥°¤¥³ ¸ ¶µ³µÐÓÕ ¢Ò· ¦¥´¨° (23) ± µÉ´µ¸¨É¥²Ó´Ò³ ¶¥·¥³¥´´Ò³ ¨
¶¥·¥¶¨Ï¥³ ³ É·¨Î´Ò° Ô²¥³¥´É (25) ¢ ¢¨¤¥

〈0|T(Ψ(x̃1) . . .Ψ(x̃n)η(ỹ1) . . . η(ỹk)Ψ(x̃′1) . . .Ψ(x̃′n)|0〉 =

=
∑
α,α′

∫
d4P

(2π)4
d4P ′

(2π)4
ei(P0−E)(max{x̃0i}−y/2)ei(P

′
0−E′)(max{x̃′0i}−y/2) ×
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×
χAα,P (x̃1, . . . x̃n)〈A|T(η(ỹ1) . . . η(ỹk))|A〉χAα′,P (x̃′1, . . . x̃

′
n)

(P0 − E + iδ)(P ′0 − E′ + iδ)
×

× eiPXe−iP ′X′ei(P−P ′)Y . (28)

‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¢ ¸¨²Ê Ê´¨É ·´µ¸É¨ n-´Ê±²µ´´µ° ËÊ´±Í¨¨ ƒ·¨´ , ¸¢Ö-
§ ´´µ° ¸  ³¶²¨ÉÊ¤µ° (15) ¸µµÉ´µÏ¥´¨¥³

G2n(x1 . . . xn, z1, . . . zn) = i〈0|T(Ψ(x1) . . .Ψ(xn)Ψ(x′1) . . .Ψ(x′n))|0〉, (29)

³ É·¨Î´Ò° Ô²¥³¥´É (25) ³µ¦¥É ¡ÒÉÓ Éµ¦¤¥¸É¢¥´´µ ¶¥·¥¶¨¸ ´ ¢ ¢¨¤¥

〈0|T(Ψ(x1) . . .Ψ(xn)η(y1) . . . η(yk)Ψ(x′1) . . .Ψ(x′n)|0〉 =

=

∫
d4z1...d

4znd
4z′1...d

4z′nd
4z′′1 ...d

4z′′nd
4z′′′1 ...d

4z′′′n G2n(x1...xn, z1, ...zn)×

×G−1
2n (z1...zn, z

′
k, ...z

′
n)〈0|T(Ψ(z1)...Ψ(zn)η(y1)...η(yk)Ψ(z′′1 )...Ψ(z′′n))|0〉 ×

×G−1
2n (z′′1 , . . . z

′′
n, z
′′′
1 , . . . z

′′′
n )G2n(z′′′1 , . . . z

′′′
n , x

′
k, . . . x

′
n). (30)

“Î¨ÉÒ¢ Ö ¶µ¢¥¤¥´¨¥ n-´Ê±²µ´´µ° ËÊ´±Í¨¨ ƒ·¨´  (24) ¢¡²¨§¨ ¶µ²Õ¸ 
P 2 = M2, ¸· ¢´¨¢ e³ ÔÉµ ¢Ò· ¦¥´¨¥ ¸ (28):∑

α,α′

∫
d4P

(2π)4
d4P ′

(2π)4

∫
dz1 . . . dzndz

′
1 . . . dz

′
ne
iPXe−iP

′X′×

×
χAα,P (x̃1, . . . x̃n)χ

A
α,P (z1, . . . zn)

P0 − E + iδ
×

×G2n+k(z1 . . . zn, ỹ1 . . . ỹn, z
′
1 . . . z

′
n)
χAα′,P ′(z

′
1, . . . z

′
n)χ

A
α′,P ′(x̃

′
1, . . . x̃

′
n)

P ′0 − E′ + iδ
=

=
∑
α,α′

∫
d4P

(2π)4
d4P ′

(2π)4
ei(P0−E)(max{x̃0i}−y/2)ei(P

′
0−E′)(max{x̃′0i}−y/2)ei(P−P

′)Y×

×
χAα,P (x̃1, . . . x̃n)〈A|T(η(ỹ1) . . . η(ỹk))|A〉χAα′,P ′(x̃′1, . . . x̃′n)

(P0 − E + iδ)(P ′0 − E′ + iδ)
eiPXe−iP

′X′ ,

(31)
£¤¥ ¸ ¶µ³µÐÓÕ G2n+k µ¡µ§´ Î¥´  Ê¸¥Î¥´´ Ö ËÊ´±Í¨Ö ƒ·¨´ , ±µÉµ· Ö µ¶·¥-
¤¥²¥´  ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

G2n+k(x1 . . . xn, y1 . . . yk, x
′
k, . . . x

′
n) =

= i

∫
d4z1 . . . d

4znd
4z′1 . . . d

4z′nG
−1
2n (x1 . . . xn, zk, . . . zn),

〈0|T(Ψ(z1) . . .Ψ(zn)η(y1) . . . η(yk)Ψ(z′1) . . .Ψ(z′n))|0〉 ×
×G−1

2n (z′1, . . . z
′
n, x
′
1, . . . x

′
n). (32)
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“³´µ¦ Ö µ¡¥ Î ¸É¨ ¶µ¤Ò´É¥£· ²Ó´µ£µ ¢Ò· ¦¥´¨Ö ¢ (31) ´  (P0 − E)×
×(P ′0−E′) ¨ Ê¸É·¥³²ÖÖ P0 ± E ¨ P ′0 ± E′, ¶µ²ÊÎ ¥³ ¸µµÉ´µÏ¥´¨¥, µ¶·¥¤¥²ÖÕ-
Ð¥¥ ¸¶µ¸µ¡ ¢ÒÎ¨¸²¥´¨Ö ¸·¥¤´¨Ì ¶µ ¸¢Ö§ ´´µ³Ê ¸µ¸ÉµÖ´¨Õ µÉ T-¶·µ¨§¢¥¤¥´¨Ö
´ ¡µ·  ²µ± ²Ó´ÒÌ µ¶¥· Éµ·µ¢:

〈A|T(η(ỹ1) . . . η(ỹk))|A〉ei(P−P
′)Y =

=

∫
dz1 . . . dzndz

′
1 . . . dz

′
nχ

A
α,P (z1, . . . zn),

G2n+k(z1 . . . zn, ỹ1 . . . ỹn, z
′
1 . . . z

′
n)χ

A
α′,P ′(z

′
1, . . . z

′
n). (33)

�Éµ ¢Ò· ¦¥´¨¥ ¸¢Ö§Ò¢ ¥É  ³¶²¨ÉÊ¤Ê · ¸¸¥Ö´¨Ö ´  ¸¢Ö§ ´´µ³ ¸µ¸ÉµÖ´¨¨ n-
´Ê±²µ´µ¢ ¸ ´¥¶·¨¢µ¤¨³µ° ËÊ´±Í¨¥° ƒ·¨´  G2n+k, µ¶¨¸Ò¢ ÕÐ¥° · ¸¸¥Ö´¨¥
´  n-¢¨·ÉÊ ²Ó´ÒÌ ´Ê±²µ´ Ì, ¨ ´¥¨§¢¥¸É´Ò³¨ ËÊ´±Í¨Ö³¨ χAα,P ¨ χAα,P , µ¶¨¸Ò-
¢ ÕÐ¨³¨ ¸µ¸ÉµÖ´¨¥ Ö¤·  ¢ É¥·³¨´ Ì ´Ê±²µ´´ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò, Ê· ¢´¥´¨¥
´  ±µÉµ·Ò¥ ´¥µ¡Ìµ¤¨³µ ´ °É¨.

3.3. “· ¢´¥´¨¥ �¥É¥Å‘µ²¶¨É¥· . ‚Ò· ¦¥´¨¥ (24) Ê¸É ´ ¢²¨¢ ¥É ¸¢Ö§Ó
³¥¦¤Ê ËÊ´±Í¨Ö³¨ χAα,P ¨ n-´Ê±²µ´´µ° ËÊ´±Í¨¥° ƒ·¨´  G2n. ’ ±¨³ µ¡· -
§µ³, ¨³¥Ö Ê· ¢´¥´¨¥ ´  ËÊ´±Í¨Õ G2n, ³µ¦´µ ¶µ²ÊÎ¨ÉÓ Ê· ¢´¥´¨¥, ±µÉµ·µ³Ê
Ê¤µ¢²¥É¢µ·Ö¥É  ³¶²¨ÉÊ¤  χAα,P . �·¨ ÔÉµ³ ´¥¤µ¸É ÉµÎ´µ §´ ÉÓ G2n ¢ · ³± Ì
É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°, É ± ± ± ¤²Ö  ´ ²¨§  ¶µ¢¥¤¥´¨Ö ËÊ´±Í¨¨ ƒ·¨´  ¢ µ¡² ¸É¨
¶µ²Õ¸  ¸¢Ö§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö ´¥µ¡Ìµ¤¨³µ ¶·µ¸Ê³³¨·µ¢ ÉÓ ¢¥¸Ó ·Ö¤ É¥µ·¨¨
¢µ§³ÊÐ¥´¨°. �µÔÉµ³Ê · ¸¸³µÉ·¨³ µ¡Ð¨¥ Ê· ¢´¥´¨Ö ´  ËÊ´±Í¨¨ ƒ·¨´  G2n,
±µÉµ·Ò¥ ³µ£ÊÉ ¡ÒÉÓ ¶µ²ÊÎ¥´Ò ¡¥§ ¶·¨¢²¥Î¥´¨Ö É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°.

� ¸¶·µ¸É· ´¥´¨¥ ¸¢µ¡µ¤´µ£µ ´Ê±²µ´  ¨§ ÉµÎ±¨ x1 ¢ ÉµÎ±Ê x2 µ¶¨¸Ò¢ ¥É¸Ö
¸¢µ¡µ¤´µ° ËÊ´±Í¨¥° ƒ·¨´  S0

(1), Ê¤µ¢²¥É¢µ·ÖÕÐ¥° Ê· ¢´¥´¨Õ ¢¨¤ 

(i∂̂x1 −m)S0
(1)(x1, x2) = δ(x1 − x2), (34)

£¤¥ m Å ³ ¸¸  ´Ê±²µ´ . ‚ ¸²ÊÎ ¥, ±µ£¤  ´Ê±²µ´ ¢§ ¨³µ¤¥°¸É¢Ê¥É ¸ ¸µ¡-
¸É¢¥´´Ò³ ¶µ²¥³, ¢ ¶· ¢µ° Î ¸É¨ Ê· ¢´¥´¨Ö ´  ÉµÎ´ÊÕ ËÊ´±Í¨Õ ƒ·¨´  S(1)

¢µ§´¨± ¥É Î²¥´, ÊÎ¨ÉÒ¢ ÕÐ¨° ÔÉµ ¸ ³µ¤¥°¸É¢¨¥:

(i∂̂x1 −m)S(1)(x1, x2) = δ(x1 − x2)−
∫
dx′1G2(x1, x

′
1)S(1)(x

′
1, x2). (35)

‘· ¢´¨¢ Ê· ¢´¥´¨Ö (34) ¨ (35), ³µ¦´µ § ³¥É¨ÉÓ, ÎÉµ ËÊ´±Í¨Ö G2(x1, x
′
1)

Ê¤µ¢²¥É¢µ·Ö¥É Ê· ¢´¥´¨Õ „ °¸µ´ 

G2(x1, x2) = S0−1
(1)(x1, x2)− S−1

(1)(x1, x2), (36)

Éµ ¥¸ÉÓ ¸µ¢¶ ¤ ¥É ¸ µ¤´µ´Ê±²µ´´µ° ´¥¶·¨¢µ¤¨³µ° ¸µ¡¸É¢¥´´µ Ô´¥·£¥É¨Î¥¸±µ°
Î ¸ÉÓÕ. ”Ê´±Í¨Ö ƒ·¨´  S(2), µ¶¨¸Ò¢ ÕÐ Ö ¸µ¢³¥¸É´µ¥ · ¸¶·µ¸É· ´¥´¨¥ ¤¢ÊÌ
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Ë¨§¨Î¥¸±¨Ì ´Ê±²µ´µ¢, ´¥ ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ¤·Ê£ ¸ ¤·Ê£µ³, Ê¤µ¢²¥É¢µ·Ö¥É
Ê· ¢´¥´¨Õ ¢¨¤ 

(i∂̂x1 −m∗)⊗ (i∂̂y1 −m∗)S0
(2)(x1, x2, y1, y2) = δ(x1 − x2)δ(y1 − y2), (37)

£¤¥ m∗ = m − G2(x1, x2). “Î¥É ¢§ ¨³µ¤¥°¸É¢¨Ö ³¥¦¤Ê ´Ê±²µ´ ³¨ ¶·¨¢µ¤¨É
± ¶µÖ¢²¥´¨Õ ¢ ¶· ¢µ° Î ¸É¨ ¤µ¶µ²´¨É¥²Ó´µ£µ Î²¥´ :

(i∂̂x1 −m∗)⊗ (i∂̂y1 −m∗)G4(x1, x2, y1, y2) =

= δ(x1 − x2)δ(y1 − y2) +

∫
dx′1dy

′
1G4(x1, x

′
1, y1, y

′
1)G4(x

′
1, x2, y

′
1, y2). (38)

‘· ¢´¨¢ Ö Ê· ¢´¥´¨Ö (37) ¨ (38), ¶µ²ÊÎ ¥³ ¤¢ÊÌÎ ¸É¨Î´Ò°  ´ ²µ£ Ê· ¢´¥´¨Ö
„ °¸µ´ ,   ¨³¥´´µ ´¥µ¤´µ·µ¤´µ¥ Ê· ¢´¥´¨¥ �¥É¥Å‘µ²¶¨É¥·  [79]:

G4(x1, x2, y1, y2) = S−1
(2)(x1, x2, y1, y2)−G−1

4 (x1, x2, y1, y2). (39)

�µ  ´ ²µ£¨¨ ¸ µ¤´µ´Ê±²µ´´Ò³ ¸²ÊÎ ¥³ ËÊ´±Í¨Ö, µ¶¨¸Ò¢ ÕÐ Ö ¢§ ¨³µ¤¥°-
¸É¢¨¥ ³¥¦¤Ê ´Ê±²µ´ ³¨, ¸µ¢¶ ¤ ¥É ¸ ´¥¶·¨¢µ¤¨³µ° ¸µ¡¸É¢¥´´µ Ô´¥·£¥É¨Î¥-
¸±µ° Î ¸ÉÓÕ ¸¨¸É¥³Ò ¨§ ¤¢ÊÌ ´Ê±²µ´µ¢. �¡µ¡Ð Ö ´  ¸²ÊÎ ° n-´Ê±²µ´µ¢, ¶µ-
²ÊÎ ¥³ ¸²¥¤ÊÕÐ¥¥ Ê· ¢´¥´¨¥:

G2n(x1 . . . xn, x
′
1 . . . x

′
n) = S−1

(n)(x1 . . . xn, x
′
1 . . . x

′
n)−G−1

2n (x1 . . . xn, x
′
1 . . . x

′
n),

(40)
£¤¥ ËÊ´±Í¨Ö S(n) Å ¶·Ö³µ¥ ¶·µ¨§¢¥¤¥´¨¥ n-´Ê±²µ´´ÒÌ ¶·µ¶ £ Éµ·µ¢:

S(n)(x1 . . . xn, x
′
1 . . . x

′
n) = 〈0|T(Ψ(x1)Ψ(x1))|0〉 ⊗ . . . 〈0|T(Ψ(xn)Ψ(xn))|0〉.

(41)
‚Ò· §¨¢ ¨§ (40) G2n, ¶µ²ÊÎ¨³ ¨´É¥£· ²Ó´µ¥ Ê· ¢´¥´¨¥, £¤¥ G2n Ö¢²Ö¥É¸Ö
Ö¤·µ³:

G2n(x1 . . . xn, x
′
1 . . . x

′
n) = S(n)(x1 . . . xn, x

′
1 . . . x

′
n) +

+

∫
dz1 . . . dzndz

′
1 . . . dz

′
nS(n)(x1 . . . xn, z1 . . . zn)×

×G2n(z1 . . . zn, z
′
1 . . . z

′
n)G2n(z′1 . . . z

′
n, x
′
1 . . . x

′
n). (42)

’ ±¨³ µ¡· §µ³, ÉµÎ´ Ö n-´Ê±²µ´´ Ö ËÊ´±Í¨Ö ƒ·¨´  Ö¢²Ö¥É¸Ö ·¥Ï¥´¨¥³ ¨´É¥-
£· ²Ó´µ£µ Ê· ¢´¥´¨Ö, ±µÉµ·µ¥ ¸¢Ö§Ò¢ ¥É ³¥¦¤Ê ¸µ¡µ° ¤¢¥ ´¥¨§¢¥¸É´Ò¥ ËÊ´±-
Í¨¨ ƒ·¨´ , G2n ¨ G2n.

‘ÊÐ¥¸É¢Ê¥É ´¥¸±µ²Ó±µ ¸¶µ¸µ¡µ¢ ·¥Ï¥´¨Ö ÔÉµ° ¶·µ¡²¥³Ò. ‚ Î ¸É´µ¸É¨,
¶µ  ´ ²µ£¨¨ ¸ Ê· ¢´¥´¨¥³ „ °¸µ´  Ê· ¢´¥´¨¥ �¥É¥Å‘µ²¶¨É¥·  ³µ¦´µ ¨¸¸²¥-
¤µ¢ ÉÓ ¢ · ³± Ì É¥Ì´¨±¨ ¤¨¸¶¥·¸¨µ´´ÒÌ ¸µµÉ´µÏ¥´¨°. „²Ö ÔÉµ£µ ¢¢µ¤¨É¸Ö
µ¡µ¡Ð¥´¨¥ ¸¶¥±É· ²Ó´µ£µ ¶·¥¤¸É ¢²¥´¨Ö ¤²Ö ÉµÎ´µ° µ¤´µÎ ¸É¨Î´µ° ËÊ´±Í¨¨
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ƒ·¨´  ´  ¸²ÊÎ ° n-Î ¸É¨Í Å ¨´É¥£· ²Ó´µ¥ ¶·¥¤¸É ¢²¥´¨¥ É¥µ·¨¨ ¢µ§³Ê-
Ð¥´¨° � ± ´¨Ï¨ [80]. ’ ±µ° ¶µ¤Ìµ¤ Ê¸¶¥Ï´µ ¶·¨³¥´Ö²¸Ö ¶·¨ ·¥Ï¥´¨¨
Ê· ¢´¥´¨Ö �¥É¥Å‘µ²¶¨É¥·  ¤²Ö ¸²ÊÎ Ö ¤¢ÊÌ ¸± ²Ö·´ÒÌ Î ¸É¨Í [81]. ‘ ¤·Ê-
£µ° ¸Éµ·µ´Ò, Ê· ¢´¥´¨¥ (42) ¤ ¥É ¶·¥±· ¸´ÊÕ ¢µ§³µ¦´µ¸ÉÓ ³µ¤¥²¨·µ¢ ´¨Ö
¤¢ÊÌ´Ê±²µ´´µ° ËÊ´±Í¨¨ ƒ·¨´ , ¥¸²¨ ¢¢¥¸É¨ G2n ¢ Ö¢´µ³ ¢¨¤¥.

� ¨¡µ²¥¥ Ê¤µ¡´Ò³ Ö¢²Ö¥É¸Ö ¸¥¶ · ¡¥²Ó´Ò° ¢¨¤ Ö¤·  ÔÉµ£µ Ê· ¢´¥´¨Ö:

G2n(z1 . . . zn, z
′
1 . . . z

′
n) =

∞∑
i,j

cijgi(z1 . . . zn)gj(z
′
1 . . . z

′
n).

‚ ÔÉµ³ ¸²ÊÎ ¥ § ¤ Î  ·¥Ï¥´¨Ö ¨´É¥£· ²Ó´µ£µ Ê· ¢´¥´¨Ö ¶µ¤³¥´Ö¥É¸Ö § ¤ Î¥°
·¥Ï¥´¨Ö ²¨´¥°´µ° ¸¨¸É¥³Ò Ê· ¢´¥´¨°. �ÉµÉ ¶µ¤Ìµ¤ Ê¸¶¥Ï´µ ¶·¨³¥´Ö²¸Ö ¤²Ö
µ¶¨¸ ´¨Ö ¤¢ÊÌ´Ê±²µ´´µ° ¸¨¸É¥³Ò [82]. �É³¥É¨³, ÎÉµ ´¥±µÉµ· Ö ±µ³¡¨´ Í¨Ö
¶µ¤Ìµ¤µ¢, µ¸´µ¢ ´´ÒÌ ´  ¨¸¶µ²Ó§µ¢ ´¨¨ ¸¥¶ · ¡¥²Ó´µ£µ ¶µÉ¥´Í¨ ²  ¨ ¸¶¥±-
É· ²Ó´µ£µ ¶·¥¤¸É ¢²¥´¨Ö, ÊÎ¨ÉÒ¢ ÕÐ¥£µ  ´ ²¨É¨Î¥¸±¨¥ ¸¢µ°¸É¢  ¤¢ÊÌ´Ê±²µ´-
´µ° ËÊ´±Í¨¨ ƒ·¨´ , ³µ¦¥É ¸²Ê¦¨ÉÓ µ¸´µ¢µ° ¤²Ö ¸µ§¤ ´¨Ö ·¥ ²¨¸É¨Î¥¸±µ£µ
¸¥¶ · ¡¥²Ó´µ£µ  ´§ Í  ¤²Ö ËÊ´±Í¨¨ G2n [83].

‚Éµ·µ°, ´ ¨¡µ²¥¥ · ¸¶·µ¸É· ´¥´´Ò° ¢¨¤ G2n ³µ¦¥É ¡ÒÉÓ ¶µ²ÊÎ¥´ ³¥-
Éµ¤ ³¨ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°. � ¸¸³µÉ·¨³ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (42) ¸ ¶µ³µÐÓÕ
¨É¥· Í¨°. ‚µ§Ó³¥³ ¢ ± Î¥¸É¢¥ ´Ê²¥¢µ° ¨É¥· Í¨¨

G
(0)
2n (x1 . . . xn, x

′
1 . . . x

′
n) = S(n)(x1 . . . xn, x

′
1 . . . x

′
n).

�µ¤¸É ¢²ÖÖ ÔÉµ ¢Ò· ¦¥´¨¥ ¢ (42), ¶µ²ÊÎ ¥³ ¶¥·¢ÊÕ ¨É¥· Í¨Õ:

G
(1)
2n (x1 . . . xn, x

′
1 . . . x

′
n) = S(n)(x1 . . . xn, x

′
1 . . . x

′
n) +

+

∫
dz1 . . . dzndz

′
1 . . . dz

′
nS(n)(x1 . . . xn, z1 . . . zn)×

×G2n(z1 . . . zn, z
′
1 . . . z

′
n)S(n)(z

′
1 . . . z

′
n, x
′
1 . . . x

′
n). (43)

‚ Ìµ¤¥ ¶µ¸²¥¤µ¢ É¥²Ó´ÒÌ ¨É¥· Í¨° ¶µ²ÊÎ ¥³ · §²µ¦¥´¨¥ ÉµÎ´µ° n-´Ê±-
²µ´´µ° ËÊ´±Í¨¨ ƒ·¨´  ¢ ¡¥¸±µ´¥Î´Ò° ·Ö¤ ¶µ ¸É¥¶¥´Ö³ G2n:

G2n(x1 . . . xn, x
′
1 . . . x

′
n) = S(n)(x1 . . . xn, x

′
1 . . . x

′
n) +

+
∞∑
m

∫
dz1 . . . dzndz

′
1 . . . dz

′
n . . . dz

(m)
1 . . . dz(m)

n S(n)(x1 . . . xn, z1 . . . zn)×

×G2n(z1 . . . zn, z
′
1 . . . z

′
n)S(n)(z

′
1 . . . z

′
n, x
′
1 . . . x

′
n) . . .×

×G2n(z
(m−1)
1 . . . z(m−1)

n , z
(m)
1 . . . z(m)

n )S(n)(z
(m)
1 . . . z(m)

n , x′1 . . . x
′
n). (44)

‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ËÊ´±Í¨Ö G2n ³µ¦¥É ¡ÒÉÓ · §²µ¦¥´  ¢ ·Ö¤ ¶µ É¥-
µ·¨¨ ¢µ§³ÊÐ¥´¨° ¢ ±µ´±·¥É´µ° ³µ¤¥²¨ ´Ê±²µ´-´Ê±²µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö
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(´ ¶·¨³¥·, ³¥§µ´-´Ê±²µ´´µ° ³µ¤¥²¨):

G2n(x1 . . . xn, x
′
1 . . . x

′
n) =

∑
i

G
(i)
2n(x1 . . . xn, x

′
1 . . . x

′
n),

G
(0)
2n (x1 . . . xn, x

′
1 . . . x

′
n) = S(n)(x1 . . . xn, x

′
1 . . . x

′
n). (45)

‘· ¢´¨¢ Ö ·Ö¤Ò (44) ¨ (45), ¶µ²ÊÎ ¥³ ¢Ò· ¦¥´¨¥, ¸¢Ö§Ò¢ ÕÐ¥¥G2n ¸ Î²¥´ ³¨
·Ö¤  ¶µ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ¤²Ö G2n:

G2n(x1 . . . xn, x
′
1 . . . x

′
n) = S−1

(n)(x1 . . . xn, x
′
1 . . . x

′
n)−

−
∞∑
m

∑
m1,m2

∫
dz1 . . . dzndz

′
1 . . . dz

′
nG

(m1)
−1

2n (x1 . . . xn, z1 . . . zn)×

×G(m)
2n(z1 . . . zn, z

′
1 . . . z

′
n)G

(m2)
−1

2n (z′1 . . . z
′
n, x
′
1 . . . x

′
n). (46)

‚ · ³± Ì ³¥§µ´´µ° ³µ¤¥²¨ ´Ê±²µ´-´Ê±²µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶¥·¢Ò° Î²¥´
ÔÉµ£µ ·Ö¤  (m = 1) ¸µµÉ¢¥É¸É¢Ê¥É ¶·¨¡²¨¦¥´¨Õ µ¤´µ¡µ§µ´´µ£µ µ¡³¥´  ¢ Ö¤·¥
Ê· ¢´¥´¨Ö (42) (É ± ´ §Ò¢ ¥³µ¥ ²¥¸É´¨Î´µ¥ ¶·¨¡²¨¦¥´¨¥). �¥Ï¥´¨¥ Ê· ¢´¥-
´¨Ö (42) ¢ · ³± Ì ²¥¸É´¨Î´µ£µ ¶·¨¡²¨¦¥´¨Ö ¶µ§¢µ²Ö¥É ¶·µ¸Ê³³¨·µ¢ ÉÓ Î ¸ÉÓ
·Ö¤  ¶µ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ¤²Ö G2n ¨ µ¶¨¸ ÉÓ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨¥ ¸¢µ°¸É¢ 
´Ê±²µ´-´Ê±²µ´´µ£µ · ¸¸¥Ö´¨Ö ¸ Ìµ·µÏ¥° ÉµÎ´µ¸ÉÓÕ [48]. ’ ±¨³ µ¡· §µ³,
Ê· ¢´¥´¨¥ (40) ¶·¨ § ¤ ´¨¨ ´Ê±²µ´-´Ê±²µ´´ÒÌ ¸¨² ¶µ§¢µ²Ö¥É, ¢ ¶·¨´Í¨¶¥,
µ¶·¥¤¥²¨ÉÓ ÉµÎ´ÊÕ n-´Ê±²µ´´ÊÕ ËÊ´±Í¨Õ ƒ·¨´ . �·¥¤¶µ²µ¦¨¢ ´ ²¨Î¨¥ ¶µ-
²Õ¸  ¸¢Ö§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö ¢ G2n,  ´ ²µ£¨Î´µ¥ Ê· ¢´¥´¨¥ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ
¤²Ö  ³¶²¨ÉÊ¤Ò �¥É¥Å‘µ²¶¨É¥·  (23).

�µ¤¸É ¢¨³ ¢Ò· ¦¥´¨¥ (24) ¢ Ê· ¢´¥´¨¥ (42), Ê³´µ¦¨³ µ¡¥ Î ¸É¨ ¶µ²Ê-
Î¨¢Ï¥£µ¸Ö ¢Ò· ¦¥´¨Ö ´  (P0−E) ¨ Ê¸É·¥³¨³ P → E. ‚ ·¥§Ê²ÓÉ É¥ ¶µ²ÊÎ¨³

χAα,P (x1, . . . xn) =

∫
dz1 . . . dzndz

′
1 . . . dz

′
nS(n)(x1 . . . xn, z1 . . . zn)×

×G2n(z1 . . . zn, z
′
1 . . . z

′
n)χ

A
α,P (z′1, . . . z

′
n). (47)

’ ±¨³ µ¡· §µ³, ³ É·¨Î´Ò° Ô²¥³¥´É ¶¥·¥Ìµ¤  ³¥¦¤Ê ¢ ±ÊÊ³µ³ ¨ n-´Ê±-
²µ´´Ò³ ¸¢Ö§ ´´Ò³ ¸µ¸ÉµÖ´¨¥³ Ê¤µ¢²¥É¢µ·Ö¥É µ¤´µ·µ¤´µ³Ê ¨´É¥£· ²Ó´µ³Ê
Ê· ¢´¥´¨Õ ¸ Ö¤·µ³ G2n, ±µÉµ·µ¥ ¸¢Ö§ ´µ ¸ ÉµÎ´Ò³¨ n-´Ê±²µ´´µ° ¨ µ¤´µ-
´Ê±²µ´´µ° ËÊ´±Í¨Ö³¨ ƒ·¨´  ¸µµÉ´µÏ¥´¨¥³ (40).

„²Ö ¨¸¶µ²Ó§µ¢ ´¨Ö ¢ ¤ ²Ó´¥°Ï¨Ì · ¸Î¥É Ì ´ ³ ¶µ´ ¤µ¡¨É¸Ö Ê· ¢´¥´¨¥ (47)
¢ ¨³¶Ê²Ó¸´µ³ ¶·¥¤¸É ¢²¥´¨¨. ‘ ¶µ³µÐÓÕ ËÊ·Ó¥-¶·¥µ¡· §µ¢ ´¨Ö  ³¶²¨ÉÊ¤ 
�¥É¥Å‘µ²¶¨É¥·  χ ³µ¦¥É ¡ÒÉÓ ¶¥·¥¶¨¸ ´  ¢ ¨³¶Ê²Ó¸´µ³ ¶·¥¤¸É ¢²¥´¨¨:

χα(P, k1 . . . kn−1) =

∫
d4x1 . . . d

4xne
−i
∑n
i kixiχα,P (x1 . . . xn), (48)
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£¤¥ kn = P −
n−1∑
i

ki. ’µ£¤  Ê· ¢´¥´¨¥ �¥É¥Å‘µ²¶¨É¥·  ¶·¨´¨³ ¥É ¢¨¤

χAα (P, k1, . . . kn−1) = S(n)(P, k1, . . . kn−1)

∫
d4k1

(2π)4
. . .

d4kn−1

(2π)4
×

×G2n(P, k1 . . . kn−1, k
′
1 . . . k

′
n−1)χ

A
α (k′1, . . . k

′
n−1). (49)

‚ ¸¨²Ê Éµ£µ ÎÉµ (49) ¨ (47) Ö¢²ÖÕÉ¸Ö µ¤´µ·µ¤´Ò³¨ ¨´É¥£· ²Ó´Ò³¨ Ê· ¢-
´¥´¨Ö³¨,  ³¶²¨ÉÊ¤  �¥É¥Å‘µ²¶¨É¥·  µ¶·¥¤¥²¥´  ¸ ÉµÎ´µ¸ÉÓÕ ¤µ ´¥±µÉµ·µ°
¶µ¸ÉµÖ´´µ°. �µÔÉµ³Ê ´¥µ¡Ìµ¤¨³µ ¢¢¥¸É¨ Ê¸²µ¢¨¥ ´µ·³¨·µ¢±¨. �µ¸±µ²Ó±Ê ·¥-
Ï¥´¨Ö ÔÉ¨Ì Ê· ¢´¥´¨° ´¥ µ¡² ¤ ÕÉ ¶·Ö³Ò³ Ë¨§¨Î¥¸±¨³ ¸³Ò¸²µ³ ¨ ´¥ ³µ£ÊÉ
¡ÒÉÓ ´µ·³¨·µ¢ ´Ò ¨¸Ìµ¤Ö ¨§ ¢¥·µÖÉ´µ¸É´ÒÌ ¸µµ¡· ¦¥´¨°, ´¥µ¡Ìµ¤¨³µ µ¶¥-
·¥ÉÓ¸Ö ´  ´µ·³¨·µ¢±Ê ¸ ¶µ³µÐÓÕ §´ Î¥´¨Ö ¨§¢¥¸É´ÒÌ ¸·¥¤´¨Ì. ‚ ± Î¥¸É¢¥
É ±µ° ¢¥²¨Î¨´Ò ³µ¦´µ ¢§ÖÉÓ, ´ ¶·¨³¥·, ¸·¥¤´¥¥ µÉ ¡ ·¨µ´´µ£µ Éµ±  ¶·¨
´Ê²¥¢µ° ¶¥·¥¤ Î¥ ¨³¶Ê²Ó¸ :

〈A|Jµ(0)|A〉 = iPµ. (50)

‚Ò· ¦ Ö ÔÉµÉ ³ É·¨Î´Ò° Ô²¥³¥´É ¸ ¶µ³µÐÓÕ ¸µµÉ´µÏ¥´¨Ö (33) Î¥·¥§  ³¶²¨-
ÉÊ¤Ò �¥É¥Å‘µ²¶¨É¥· , ¶µ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¥¥ Ê¸²µ¢¨¥ ´µ·³¨·µ¢±¨ ¤²Ö χAα :∫

d4k1

(2π)4
. . .

d4kn−1

(2π)4
d4k′1
(2π)4

. . .
d4k′n−1

(2π)4
χAα (P, k1, . . . kn−1)×

×G2n+1µ(q = 0, P, k1 . . . kn−1, k
′
1 . . . k

′
n−1)χ

A
α (P, k′1, . . . k

′
n−1) = iPµ. (51)

“Î¨ÉÒ¢ Ö, ÎÉµ ¶·¨ ´Ê²¥¢µ° ¶¥·¥¤ Î¥ ÉµÎ´ Ö Ê¸¥Î¥´´ Ö ËµÉµ´-n-´Ê±²µ´´ Ö
¢¥·Ï¨´  G2n+1µ ¸¢Ö§ ´  ¸ ¶·µ¨§¢µ¤´µ° ¶µ ¶µ²´µ³Ê ¨³¶Ê²Ó¸Ê µÉ n-´Ê±²µ´´µ°
ËÊ´±Í¨¨ ƒ·¨´  [84],

G2n+1µ(q = 0, P, k1 . . . kn−1, k
′
1 . . . k

′
n−1) =

= − ∂

∂Pµ
G−1

2n (P, k1 . . . kn−1, k
′
1 . . . k

′
n−1), (52)

¨ ¢Ò· ¦ Ö G−1
2n ¨§ (40), ¶µ²ÊÎ ¥³ Ê¸²µ¢¨¥ ´µ·³¨·µ¢±¨ ¤²Ö ËÊ´±Í¨° χAα ¢

¸²¥¤ÊÕÐ¥³ ¢¨¤¥:∫
d4k1

(2π)4
. . .

d4kn

(2π)4
d4k′1
(2π)4

. . .
d4k′n
(2π)4

χAα (P, k1, . . . kn−1)×

×
[
S−1

(n)(P, k1, . . . kn−1)

{
∂

∂Pµ
S(n)(P, k1, . . . kn−1)

}
S−1

(n)(P, k1, . . . kn−1) ×

+
∂

∂Pµ
G2n(P, k1 . . . kn−1, k

′
1 . . . k

′
n−1)

]
χAα (P, k′1, . . . k

′
n−1) = iP0. (53)
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Š ± ¡Ê¤¥É ¶µ± § ´µ ¢ · §¤. 4, ÔÉµ Ê¸²µ¢¨¥ ¶µ§¢µ²Ö¥É ¶µ¸É·µ¨ÉÓ É¥µ·¨Õ ƒ��
´  Ö¤·¥ É ±, ÎÉµ Ê¤ ¥É¸Ö ¢Ò¶µ²´¨ÉÓ µ¤´µ¢·¥³¥´´µ ¡ ·¨µ´´µ¥ ¨ ¨³¶Ê²Ó¸´µ¥
¶· ¢¨²a ¸Ê³³.

‚ § ±²ÕÎ¥´¨¥ ÔÉµ£µ · §¤¥²  µÉ³¥É¨³ ´¥±µÉµ·Ò¥ ¢ ¦´Ò¥ ¸¢µ°¸É¢   ³¶²¨-
ÉÊ¤Ò �¥É¥Å‘µ²¶¨É¥· , ±µÉµ·Ò¥ ³Ò ¡Ê¤¥³ ¨¸¶µ²Ó§µ¢ ÉÓ ¤ ²¥¥.

‚µ-¶¥·¢ÒÌ, ± É ±¨³ ¸¢µ°¸É¢ ³ µÉ´µ¸¨É¸Ö ´ ²¨Î¨¥ ¢  ³¶²¨ÉÊ¤¥ �‘ § ¢¨-
¸¨³µ¸É¨ µÉ ´Ê²¥¢µ° ±µ³¶µ´¥´ÉÒ µÉ´µ¸¨É¥²Ó´µ° ±µµ·¤¨´ ÉÒ (µÉ´µ¸¨É¥²Ó´µ£µ
¢·¥³¥´¨) ´Ê±²µ´µ¢, ±µÉµ· Ö ¸µ£² ¸´µ ¢Ò· ¦¥´¨Õ (33) µÉ· ¦ ¥É¸Ö ´  ¤¨´ ³¨-
Î¥¸±¨Ì ´ ¡²Õ¤ ¥³ÒÌ n-´Ê±²µ´´µ£µ ¸¢Ö§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö. ‚ ¨³¶Ê²Ó¸´µ³ ¶·µ-
¸É· ´¸É¢¥ ÔÉ  § ¢¨¸¨³µ¸ÉÓ ¶·¨¢µ¤¨É ± § ¢¨¸¨³µ¸É¨ µÉ ´Ê²¥¢µ° ±µ³¶µ´¥´ÉÒ
µÉ´µ¸¨É¥²Ó´µ£µ ¨³¶Ê²Ó¸  ´Ê±²µ´µ¢ (µÉ´µ¸¨É¥²Ó´µ° Ô´¥·£¨¨), ±µÉµ· Ö, ± ±
ÔÉµ ¡Ê¤¥É ¶µ± § ´µ ´¨¦¥, Ö¢²Ö¥É¸Ö µ¸´µ¢´µ° ¶·¨Î¨´µ° ´ ¡²Õ¤ ¥³ÒÌ Ö¤¥·´ÒÌ
ÔËË¥±Éµ¢ ¢ ƒ��.

‚µ-¢Éµ·ÒÌ, ¸µµÉ´µÏ¥´¨¥ (24) ¶µ§¢µ²Ö¥É ¸¤¥² ÉÓ ´¥¸±µ²Ó±µ § ³¥Î ´¨° ¶µ
¶µ¢µ¤Ê  ´ ²¨É¨Î¥¸±µ° ¸É·Ê±ÉÊ·Ò χAα . ”Ê´±Í¨Ö ƒ·¨´  G2n ¢ ¨³¶Ê²Ó¸´µ³
¶·µ¸É· ´¸É¢¥ ¸µ¤¥·¦¨É ·Ö¤ ¸¨´£Ê²Ö·´µ¸É¥°, Î ¸ÉÓ ¨§ ±µÉµ·ÒÌ ¢ ¸¨²Ê (24)
¶·¨¸ÊÐ  ¨  ³¶²¨ÉÊ¤¥ �¥É¥Å‘µ²¶¨É¥· . �Éµ ¶µ²Õ¸ , ¸¢Ö§ ´´Ò¥ ¸ ¢´¥Ï´¨³¨
¶·µ¶ £ Éµ· ³¨ ´Ê±²µ´µ¢, · §·¥§Ò ¶µ µÉ´µ¸¨É¥²Ó´Ò³ ¨³¶Ê²Ó¸ ³, ¶µ²Õ¸ , ¸¢Ö-
§ ´´Ò¥ ¸ · §²¨Î´Ò³¨ ¸¢Ö§ ´´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨, ±µÉµ·Ò¥ µ¡· §ÊÕÉ ²¨¡µ Î ¸ÉÓ
´Ê±²µ´µ¢, ²¨¡µ ¢¸¥ ´Ê±²µ´Ò. �µ¸²¥¤´ÖÖ ¸¨´£Ê²Ö·´µ¸ÉÓ ¢Ò¤¥²¥´  Ö¢´µ ¢ ¢Ò-
· ¦¥´¨¨ (24) ¨, É ±¨³ µ¡· §µ³, ´¥ ¤ ¥É ¢±² ¤  ¢ χAα . �¥·¢Ò° É¨¶ ¸¨´£Ê²Ö·-
´µ¸É¥° É ±¦¥ ³µ¦´µ ¢Ò¤¥²¨ÉÓ Ö¢´Ò³ µ¡· §µ³, ¢¢¥¤Ö ¢³¥¸Éµ  ³¶²¨ÉÊ¤Ò �‘
¢¥²¨Î¨´Ê, ´ §Ò¢ ¥³ÊÕ ¢¥·Ï¨´´µ° ËÊ´±Í¨¥° �¥É¥Å‘µ²¶¨É¥· :

S(n)(P, k1 . . . kn−1)Γ
A
α (P, k1 . . . kn−1) = χAα (P, k′1, . . . k

′
n−1). (54)

’ ±¨³ µ¡· §µ³, ³Ò ¶µ²ÊÎ¨²¨ ¢ ¸¢µ¥ · ¸¶µ·Ö¦¥´¨¥ µ¡Ñ¥±É, ±µÉµ·Ò° ¨§¡ ¢²¥´
µÉ ¤¢ÊÌ ¸ ³ÒÌ ¸¨²Ó´ÒÌ µ¸µ¡¥´´µ¸É¥° Å ¶�µ²Õ¸  n-´Ê±²µ´´µ£µ ¸¢Ö§ ´´µ£µ
¸µ¸ÉµÖ´¨Ö,   É ±¦¥ ¶µ²Õ¸µ¢ ¨ · §·¥§µ¢, ¶·¨¸ÊÐ¨Ì µ¤´µ´Ê±²µ´´Ò³ ¶·µ¶ £ -
Éµ· ³. ‚ ¶. 5.1 ³Ò · ¸¸³µÉ·¨³ ¸¶µ¸µ¡ ¢Ò¤¥²¥´¨Ö ¸¨´£Ê²Ö·´µ¸É¥° ¢¥·Ï¨´´µ°
ËÊ´±Í¨¨, ±µÉµ·Ò¥ ¢µ§´¨± ÕÉ ¨§-§  ¶·¨¸ÊÉ¸É¢¨Ö m-´Ê±²µ´´ÒÌ (m < n) ¸¢Ö-
§ ´´ÒÌ ¸µ¸ÉµÖ´¨° ¢ Ö¤·¥, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É ¶·¥¤¸É ¢²¥´¨Õ µ ±² ¸É¥·¨§ Í¨¨
 Éµ³´µ£µ Ö¤· .

4. ƒ‹“��Š��…“��“ƒ�… ��‘‘…Ÿ�ˆ… �� „…‰’���…

�·µ¸É¥°Ï¨³ ¸É ¡¨²Ó´Ò³ ¸¢Ö§ ´´Ò³ ¸µ¸ÉµÖ´¨¥³ ´Ê±²µ´µ¢, ´ ¡²Õ¤ ¥³Ò³
¢ ¶·¨·µ¤¥, Ö¢²Ö¥É¸Ö ¤¥°É·µ´. �Éµ ¸µ¸ÉµÖ´¨¥ ¨³¥¥É ´ ¨³¥´ÓÏÊÕ Ô´¥·£¨Õ ¸¢Ö§¨
¨§ ¢¸¥Ì Ö¤¥· (ε = 2,224 ŒÔ‚). �´¥·£¨Ö ¸¢Ö§¨ ¤¥°É·µ´  ´ ¸Éµ²Ó±µ ³ ² , ÎÉµ ¸
¶µ³µÐÓÕ ¶·µ¸É¥°Ï¨Ì · ¸¸Ê¦¤¥´¨° ¢ · ³± Ì ´¥·¥²ÖÉ¨¢¨¸É¸±µ° ±¢ ´Éµ¢µ°
³¥Ì ´¨±¨ ³µ¦´µ § ±²ÕÎ¨ÉÓ, ÎÉµ ´Ê±²µ´Ò ¢ ÔÉµ° ¸¨¸É¥³¥ ¡�µ²ÓÏÊÕ Î ¸ÉÓ
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¢·¥³¥´¨ ´¥ ¢§ ¨³µ¤¥°¸É¢ÊÕÉ. �² £µ¤ ·Ö ÔÉµ³Ê µ¡¸ÉµÖÉ¥²Ó¸É¢Ê ¢ ¡µ²ÓÏ¨´-
¸É¢¥ É¥µ·¥É¨Î¥¸±¨Ì ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨¸¸²¥¤µ¢ ´¨° ¸É·Ê±ÉÊ·Ò ³ É¥·¨¨
¤¥°É·µ´ µÉµ¦¤¥¸É¢²Ö¥É¸Ö ¸ ¨§µ¸± ²Ö·´Ò³ ´Ê±²µ´µ³ [8, 55]. ‚ Î ¸É´µ¸É¨,
´ ¡²Õ¤ ¢Ï¨¥¸Ö · §²¨Î¨Ö ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨° ÉÖ¦¥²ÒÌ Ö¤¥· ¨ ¤¥°É·µ´ 
¶·¨´ÖÉµ ¸Î¨É ÉÓ ¸¢¨¤¥É¥²Ó¸É¢µ³ ¨¸± ¦¥´¨Ö ¸É·Ê±ÉÊ·´µ° ËÊ´±Í¨¨ ¸¢µ¡µ¤´µ£µ
´Ê±²µ´ . �¥¸³µÉ·Ö ´  Éµ, ÎÉµ ± Î¥¸É¢¥´´µ É ±µ° ¶µ¤Ìµ¤ ¢Ò£²Ö¤¨É · §Ê³´µ,
·Ö¤ ·¥§Ê²ÓÉ Éµ¢, µ¶¨· ÕÐ¨Ì¸Ö ´  ¨§³¥·¥´¨Ö ¸É·Ê±ÉÊ·´µ° ËÊ´±Í¨¨ ¤¥°É·µ´ ,
µ± §Ò¢ eÉ¸Ö ¶·µÉ¨¢µ·¥Î¨¢Ò³. � ¨¡µ²¥¥ Ö·±¨³ ¶·¨³¥·µ³ É·Ê¤´µ¸É¨, ¸ ±µÉµ-
·µ° ³µ¦´µ ¸Éµ²±´ÊÉÓ¸Ö ¶·¨  ´ ²¨§¥ µ¶ÒÉµ¢ ´  ¤¥°É·µ´´µ° ³¨Ï¥´¨, Ö¢²Ö¥É¸Ö
¶µ¶ÒÉ±  ¨§¢²¥Î¥´¨Ö ¨´Ëµ·³ Í¨¨ µ ´¥°É·µ´´µ° ‘” ¨§ ¤ ´´ÒÌ ¶µ ƒ�� ´ 
¤¥°É·µ´¥ ¨ ¶·µÉµ´¥ [85Ä88]. ‘ µ¤´µ° ¸Éµ·µ´Ò, Ô±¸¶¥·¨³¥´É ²Ó´ Ö ¶·µ¢¥·± 
¶· ¢¨² ¸Ê³³ Š•„ [85, 87], ¢ ±µÉµ·µ° ¨¸¶µ²Ó§Ê¥É¸Ö FD

2 , ¶·¨¢¥²  ± ¤µ¢µ²Ó´µ
´¥µ¡ÒÎ´µ³Ê ·¥§Ê²ÓÉ ÉÊ, ¶·µÉ¨¢µ·¥Î Ð¥³Ê É· ¤¨Í¨µ´´Ò³ ¶·¥¤¸É ¢²¥´¨Ö³ µ
¶ ·Éµ´´µ° ¸É·Ê±ÉÊ·¥ ´Ê±²µ´ , Å ´ ·ÊÏ¥´¨Õ ¶· ¢¨²  ¸Ê³³ ƒµÉÉË·¨¤ . ‘
¤·Ê£µ° ¸Éµ·µ´Ò, ¢ ·Ö¤¥ É¥µ·¥É¨Î¥¸±¨Ì · ¡µÉ ¡Ò²µ ¶µ± § ´µ, ÎÉµ F n

2 ´¥ ³µ¦¥É
¡ÒÉÓ µ¤´µ§´ Î´Ò³ µ¡· §µ³ ¨§¢²¥Î¥´  ¨§ ¤¥°É·µ´´ÒÌ ¤ ´´ÒÌ [88,89]. ’¥µ·¥-
É¨Î¥¸±¨¥ ´¥µ¶·¥¤¥²¥´´µ¸É¨ ³µ£ÊÉ ¡ÒÉÓ ´ ¸Éµ²Ó±µ ¢¥²¨±¨, ÎÉµ ±µ²¨Î¥¸É¢¥´´µ
µ± §Ò¢ ÕÉ¸Ö ¸· ¢´¨³Ò³¨ ¸ ÔËË¥±Éµ³ ´ ·ÊÏ¥´¨Ö �‘ ƒµÉÉË·¨¤ .

’ ±¨³ µ¡· §µ³, ´¥¸³µÉ·Ö ´  ³ ²ÊÕ Ô´¥·£¨Õ ¸¢Ö§¨, Ö¤¥·´Ò¥ ÔËË¥±ÉÒ ¢
¤¥°É·µ´¥ É·¥¡ÊÕÉ ¤¥É ²Ó´µ£µ ¨¸¸²¥¤µ¢ ´¨Ö. ‚ ¸¨²Ê Éµ£µ ÎÉµ ¤¥°É·µ´ ¶·¥¤¸É -
¢²Ö¥É ¸o¡o° ¶·µ¸É¥°ÏÊÕ Ö¤¥·´ÊÕ ¸¨¸É¥³Ê, ¢¸¥ µ¸´µ¢´Ò¥ ÔËË¥±ÉÒ ¸¢Ö§¨ ³µ£ÊÉ
¡ÒÉÓ ¨§ÊÎ¥´Ò ´  ¥£µ ¶·¨³¥·¥ ´ ¨¡µ²¥¥ ¶µ¤·µ¡´µ, ¶·¨Î¥³ ¢¸¥  ´ ²¨É¨Î¥¸±¨¥
· ¸Î¥ÉÒ ³µ¦´µ ¶·µ¢¥¸É¨ ¶µ¸²¥¤µ¢ É¥²Ó´µ ¨ ÉµÎ´µ.

�¨¦¥ ³Ò · ¸¸³µÉ·¨³ ¶·¨³¥´¥´¨¥ ¶µ¤Ìµ¤ , · §¢¨Éµ£µ ¢ · ¡µÉ Ì [42,76,79]
¨ µ¶¨¸ ´´µ£µ ¢ · §¤. 3, ¤²Ö · ¸Î¥É  FD

2 ¨ FD
2 /F

N
2 .

4.1. �³¶²¨ÉÊ¤  ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ´  ¤¥°É·µ´¥. ‚ ¸¨²Ê ¸µµÉ´µ-
Ï¥´¨Ö Ê´¨É ·´µ¸É¨ (5) · ¸Î¥É  ¤·µ´´µ° Î ¸É¨  ³¶²¨ÉÊ¤Ò £²Ê¡µ±µ´¥Ê¶·Ê£µ£µ
· ¸¸¥Ö´¨Ö Wµν(P, q) ¸¢µ¤¨É¸Ö ± ¢ÒÎ¨¸²¥´¨Õ  ³¶²¨ÉÊ¤Ò ±µ³¶Éµ´µ¢¸±µ£µ · ¸-
¸¥Ö´¨Ö ¢¶¥·¥¤ Tµν(P, q). ‘µ£² ¸´µ µ¶·¥¤¥²¥´¨Õ  ³¶²¨ÉÊ¤  ±µ³¶Éµ´µ¢¸±µ£µ
· ¸¸¥Ö´¨Ö ´  ¤¥°É·µ´¥ TD

µν(P, q) ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ± ± ¸·¥¤´¥¥ µÉ
T-¶·µ¨§¢¥¤¥´¨Ö ´Ê±²µ´´ÒÌ Ô²¥±É·µ³ £´¨É´ÒÌ Éµ±µ¢ Jµ ¶µ ¸µ¸ÉµÖ´¨Ö³ ¤¥°-
É·µ´  |D〉:

TD
µν(P, q) = i

∫
d4xeiqx〈D|T (Jµ (x)Jν (0)) |D〉. (55)

‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¢Ò· ¦¥´¨¥³ (33) ÔÉµ µ¶·¥¤¥²¥´¨¥ TD
µν(P, q) ³µ¦¥É ¡ÒÉÓ

¶¥·¥¶¨¸ ´µ ¢ É¥·³¨´ Ì ·¥Ï¥´¨° Ê· ¢´¥´¨Ö �¥É¥Å‘µ²¶¨É¥·  (49) ¤²Ö ¤¥°-
É·µ´  ΓD(P, k) ¨ ¤¢ÊÌ´Ê±²µ´´ÒÌ ËÊ´±Í¨° ƒ·¨´  G6µν :

TD
µν(P, q) =

1

3

∑
S

∫
d4k1

(2π)4
d4k2

(2π)4
Γ

D

S (P, k1)S(2)(P, k1)×
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×G6µν(q, P, k1, k2)S(2)(P, k2)Γ
D
S (P, k2), (56)

£¤¥ ¨´¤¥±¸ S µ¡µ§´ Î ¥É ¶·µ¥±Í¨Õ ¸¶¨´  ¤¥°É·µ´  ´  ´¥±µÉµ·ÊÕ µ¸Ó.
”Ê´±Í¨Ö G6µν ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ Ê· ¢´¥´¨¥³ (32) ¸¢Ö§ ´  ¸ ÉµÎ´µ° ¤¢ÊÌ-

´Ê±²µ´´µ° ËÊ´±Í¨¥° ƒ·¨´  ¸µ ¢¸É ¢±µ°, µ¶¨¸Ò¢ ÕÐ¥° ±µ³¶Éµ´µ¢¸±µ¥ · ¸¸¥-
Ö´¨¥ ¢¨·ÉÊ ²Ó´ÒÌ ËµÉµ´µ¢ ´  ¸¨¸É¥³¥ ¨§ ¤¢ÊÌ ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ´Ê±²µ´µ¢:

G6µν(q, P, k, k
′) =

∫
d4k1

(2π)4
d4k2

(2π)4
×

×G−1
4 (P, k, k1)G6µν(q, P, k1, k2)G

−1
4 (P, k2, k

′), (57)

£¤¥

G6µν(q, P, k
′, k) = i

∫
d4xd4yd4y′d4Y d4Y ′e−iky+ik

′y′e−iqxe−iP (Y−Y ′) ×

×〈0|T(ψ̄(Y +
y

2
)ψ̄(Y − y

2
)Jµ(x)Jν (0)ψ(Y ′ +

y′

2
)ψ(Y ′ − y′

2
))|0〉. (58)

�·¥¤¶µ²µ¦¨¢ ±µ´±·¥É´Ò° ¢¨¤ ¤²Ö G4, ËÊ´±Í¨Õ G6µν ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¢
Ö¢´µ³ ¢¨¤¥. „²Ö ´ Ìµ¦¤¥´¨Ö ¦¥  ³¶²¨ÉÊ¤Ò ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ´ 
¤¥°É·µ´¥ ¢ µ¡Ð¥³ ¸²ÊÎ ¥ ¤µ¸É ÉµÎ´µ Ê¸É ´µ¢¨ÉÓ ¸¢Ö§Ó ³¥¦¤Ê G6µν ¨ · §²µ-
¦¥´¨¥³ G6µν ¶µ ËÊ´±Í¨Ö³ G4.

‚Ò· ¦ Ö ¨§ (39) ËÊ´±Í¨Õ G4, ¶µ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¥¥ · §²µ¦¥´¨¥ G4 ¶µ
¸É¥¶¥´Ö³ G4:

G4(P ; k, k′) = S(2)(P, k)

(
(2π)4δ(k − k′) +

+
∑
n≥1

1

n!

∫
d4k1

(2π)4
...
d4kn

(2π)4
G4(P ; k, k1)S(2)(P, k1)...G4(P ; kn, k

′)S(2)(P, k
′)

 .

(59)
� §² £ Ö É ±¦¥ G6µν ¨ ¶µ¤¸É ¢²ÖÖ ÔÉµ ¢Ò· ¦¥´¨¥ ¢ (57), ¶µ²ÊÎ ¥³ ·Ö¤, n-°
Î²¥´ ±µÉµ·µ£µ ¨³¥¥É ¢¨¤

G6
(n)
µν (q, P, k, k′) =

∑
n1+n2+n3=n

∫
d4k2

(2π)4
d4k1

(2π)4
×

×G(n1)
4 (P, k, k1)G6

(n2)

µν (q, P, k1, k2)G
(n3)
4 (P, k2, k

′). (60)

‚Ò¡· ¢ Î²¥´ ´Ê²¥¢µ£µ ¶µ·Ö¤±  ¶µ G4, ³µ¦´µ ¸· §Ê ¶µ²ÊÎ¨ÉÓ ¸µµÉ¢¥É¸É¢ÊÕ-
Ð¨° ¢±² ¤ ¢ G6µν :

G6
(0)

µν (q, P, k, k′) = S−1
(2)(P, k)

[
G

(0)
6

a

µν(q, P, k)(2π)4δ4(k − k′)+
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+ G
(0)
6

b

µν(q, P, k)(2π)4δ4(k − k′ − q)
]
S−1

(2)(P, k
′). (61)

’ ±¨³ µ¡· §µ³, ¢ ´Ê²¥¢µ³ ¶µ·Ö¤±¥ ¶µ G4 ËÊ´±Í¨Ö G6µν ¸µ¤¥·¦¨É ± ± µ¤´µ-
´Ê±²µ´´Ò° ¢±² ¤ a):

G
(0)
6

a

µν(q, P, k) = G4µν

(
q,
P

2
+ k

)
⊗ S

(
P

2
− k
)

+

+G4µν

(
q,
P

2
− k
)
⊗ S

(
P

2
+ k

)
, (62)

É ± ¨ ¢±² ¤, ¸µµÉ¢¥É¸É¢ÊÕÐ¨° · ¸¸¥Ö´¨Õ ´  · §´ÒÌ ´Ê±²µ´ Ì b):

G
(0)
6

b

µν(q, P, k) = G3µ

(
q,
P

2
+ k

)
⊗G3ν

(
q,
P

2
− k
)

+

+G3µ

(
q,
P

2
− k
)
⊗G3ν

(
q,
P

2
+ k

)
. (63)

”Ê´±Í¨¨ ƒ·¨´  G4µν ¨ G3µ µ¶¨¸Ò¢ ÕÉ ±µ³¶Éµ´µ¢¸±µ¥ · ¸¸¥Ö´¨¥ ´  ¢¨·-
ÉÊ ²Ó´µ³ ´Ê±²µ´¥ ¨ ¢§ ¨³µ¤¥°¸É¢¨¥ ¢¨·ÉÊ ²Ó´µ£µ ËµÉµ´  ¸ ´Ê±²µ´µ³ ¸µµÉ-
¢¥É¸É¢¥´´µ.

‚±² ¤ ¶¥·¢µ£µ ¶µ·Ö¤±  ¤²Ö G6µν § ¢¨¸¨É µÉ G6
(0)

µν ¨ G6
(1)

µν , ÎÉµ ¶·¨¢µ¤¨É
± ¸²¥¤ÊÕÐ¥³Ê ¢Ò· ¦¥´¨Õ:

G6
(1)

µν (q, P, k, k′) = S(2)
−1(P, k)G

(1)
6 µν(q, P, k, k

′)S(2)
−1(P, k′)−

−
∫

d4k′′

(2π)4

{
S(2)

−1(P, k)G
(1)
4 (P, k, k′′)G6

(0)

µν (q, P, k′′, k′) +

+G6
(0)

µν (q, P, k, k′′)G
(1)
4 (P, k′′, k′)S(2)

−1(P, k′)
}
, (64)

£¤¥ ËÊ´±Í¨Ö G(1)
6 µν ¢Ò· ¦ ¥É¸Ö Î¥·¥§ ËÊ´±Í¨¨ ƒ·¨´  G5µν ¨ Î²¥´ ´Ê²¥¢µ£µ

¶µ·Ö¤±  ËÊ´±Í¨¨ G6µν :

G6
(1)
µν (q, P, k, k′) =

∫
d4k′′

(2π)4
d4k′′′

(2π)4
S(2)(P, k)G5µ (q, k, k′′ + q)×

×G4(P, k
′′ + q, k′′′ + q)G5ν (q, k′′′ + q, k′)S(2)(P, k

′)+

+

∫
d4k′′

(2π)4

{
G

(1)
4 (P, k, k′′)G6

(0)

µν (q, P, k′′, k′)S(2)(P, k
′)+

+S(2)(P, k)G6
(0)

µν (q, P, k, k′′)G
(1)
4 (P, k′′, k′)

}
. (65)
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”Ê´±Í¨Ö G5µ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¢Ò· ¦¥´¨¥³ (32) µ¶·¥¤¥²Ö¥É¸Ö ËÊ´±Í¨¥°
ƒ·¨´  G5µ, µ¶¨¸Ò¢ ÕÐ¥° ¶µ£²µÐ¥´¨¥ ¢¨·ÉÊ ²Ó´µ£µ ËµÉµ´  ¸¨¸É¥³µ° ¨§ ¤¢ÊÌ
¢¨·ÉÊ ²Ó´ÒÌ ´Ê±²µ´µ¢.

‘²¥¤ÊÖ ÔÉµ° ¶·µÍ¥¤Ê·¥, ¶µ²ÊÎ ¥³ G6µν ¢ ²Õ¡µ³ ¶µ·Ö¤±¥ ¶µ G4. �¤´ ±µ
µ¡Ð Ö ¸É·Ê±ÉÊ·  ¢Ò· ¦¥´¨Ö (56) É ±µ¢ , ÎÉµ ¢¸¥ ¢Ò¸Ï¨¥ ¢±² ¤Ò ¸¢µ¤ÖÉ¸Ö
± · ¸¸³µÉ·¥´´Ò³ Ê¦¥ ²¨¤¨·ÊÕÐ¨³ Î²¥´ ³. ‚ ÔÉµ³ ³µ¦´µ ²¥£±µ Ê¡¥¤¨ÉÓ¸Ö,
¥¸²¨, ¢µ¸¶µ²Ó§µ¢ ¢Ï¨¸Ó Ê· ¢´¥´¨¥³ (49), ¶¥·¥°É¨ ± ¡µ²¥¥ ¢Ò¸µ±µ³Ê ¶µ·Ö¤±Ê
¶µ G4 ¢ (56).

�µ¤¸É ¢²ÖÖ ¶µ²ÊÎ¥´´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö G6µν ¢ (56) ¨ ÊÎ¨ÉÒ¢ Ö µ¶·¥-
¤¥²¥´¨¥ (57), ¶µ²ÊÎ ¥³  ³¶²¨ÉÊ¤Ê ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ´  ¤¥°É·µ´¥ ¢
µ¡Ð¥³ ¢¨¤¥:

TDµν(P, q) =
1

3

∑
S

∫
d4k

(2π)4
Γ

D

S (P, k)G6
(0)
µν (q, P, k)ΓD

S (P, k)+

+
1

3

∑
S

∫
d4k

(2π)4
d4k′

(2π)4
d4k′′

(2π)4
d4k′′′

(2π)4
Γ

D

S (P, k)S(2)(P, k)G5µ(q, P, k, k
′)×

×G4(P, k
′, k′′)G5ν(q, P, k

′′, k′′′)S(2)(P, k′′′)ΓD
S (P, k′′′).

�  ·¨¸. 2 ¸Ì¥³ É¨Î¥¸±¨ ¶µ± § ´Ò · §²¨Î´Ò¥ ¢±² ¤Ò ¢  ³¶²¨ÉÊ¤Ê ±µ³¶-
Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ¢¶¥·¥¤ ´  ¤¥°É·µ´¥. „¨ £· ³³Ò (a) ¨ (¡) ¸µµÉ¢¥É¸É¢ÊÕÉ

�¨¸. 2. „¨ £· ³³Ò, ¸Ì¥³ É¨Î¥¸±¨ ¶·¥¤¸É ¢²ÖÕÐ¨¥  ³¶²¨ÉÊ¤Ê ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö-
´¨Ö ¢¶¥·¥¤
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·¥²ÖÉ¨¢¨¸É¸±µ³Ê ¨³¶Ê²Ó¸´µ³Ê ¶·¨¡²¨¦¥´¨Õ. Ÿ¢´Ò° ¢¨¤ ¢Ò· ¦¥´¨°, ¶·¥¤-
¸É ¢²¥´´ÒÌ ÔÉ¨³¨ ¤¨ £· ³³ ³¨, § ¤ ¥É¸Ö Î²¥´ ³¨ (a) ¨ (b) ¢Ò· ¦¥´¨Ö (61).
„¨ £· ³³  (¡) ¶·¥¤¸É ¢²Ö¥É ¤¢ÊÌ´Ê±²µ´´Ò¥ ¶µ¶· ¢±¨ ´Ê²¥¢µ£µ ¶µ·Ö¤±  ¶µ
G4 ¢ ±µ³¶Éµ´µ¢¸±ÊÕ  ³¶²¨ÉÊ¤Ê, ³´¨³ Ö Î ¸ÉÓ ±µÉµ·ÒÌ ¸µµÉ¢¥É¸É¢Ê¥É ¨´É¥·-
Ë¥·¥´Í¨µ´´µ³Ê Î²¥´Ê ¢ ¨³¶Ê²Ó¸´µ³ ¶·¨¡²¨¦¥´¨¨ ¤²Ö  ¤·µ´´µ£µ É¥´§µ· .
‚ ¸¨²Ê ¡µ²ÓÏµ° ¶¥·¥¤ Î¨ ¨³¶Ê²Ó¸  ËµÉµ´µ³ ´Ê±²µ´Ê ¢¥·µÖÉ´µ¸ÉÓ Éµ£µ, ÎÉµ
±µ´¥Î´µ¥ ¸µ¸ÉµÖ´¨¥ ¡Ê¤¥É ¨´É¥·Ë¥·¨·µ¢ ÉÓ ¸ ´ Î ²Ó´Ò³ ¸µ¸ÉµÖ´¨¥³ ´Ê±²µ´ -
µ¸É É± , µÎ¥´Ó ³ ² . Šµ²¨Î¥¸É¢¥´´µ ÔÉ  ¢¥·µÖÉ´µ¸ÉÓ µ¶·¥¤¥²Ö¥É¸Ö ¶µ¢¥¤¥´¨¥³
¢¥·Ï¨´´µ° ËÊ´±Í¨¨ ¶·¨ ¡µ²ÓÏ¨Ì µÉ´µ¸¨É¥²Ó´ÒÌ ¨³¶Ê²Ó¸ Ì, ±µÉµ·µ¥ ¡Ê¤¥É
¶·¨¢µ¤¨ÉÓ ± ¶µ¤ ¢²¥´¨Õ ¨´É¥·Ë¥·¥´Í¨µ´´ÒÌ Î²¥´µ¢ ± ± 1/(Q2)l, l ≥ 2. ’ -
±¨³ µ¡· §µ³, ¢±² ¤Ò ¢ ±µ³¶Éµ´µ¢¸±ÊÕ  ³¶²¨ÉÊ¤Ê, ¨§µ¡· ¦¥´´Ò¥ ¤¨ £· ³³µ°
(¡), ÎÊ¢¸É¢¨É¥²Ó´Ò ± ¸É·Ê±ÉÊ·¥ ¤¥°É·µ´  ´  ³ ²ÒÌ ³¥¦´Ê±²µ´´ÒÌ · ¸¸ÉµÖ-
´¨ÖÌ, ±µÉµ· Ö ¤µ²¦´  ¶·µÖ¢²ÖÉÓ¸Ö ¢ Q2-§ ¢¨¸¨³µ¸É¨ µÉ´µÏ¥´¨Ö ¸É·Ê±ÉÊ·´ÒÌ
ËÊ´±Í¨° ¤¥°É·µ´  ¨ ´Ê±²µ´ . „¨ £· ³³Ò (¢), (£), (¤) ¨ (¥) ¸Ì¥³ É¨Î¥¸±¨
¨§µ¡· ¦ ÕÉ · §²¨Î´Ò¥ ¢±² ¤Ò ¢ ±µ³¶Éµ´µ¢¸±ÊÕ  ³¶²¨ÉÊ¤Ê, ¶·¨¢µ¤ÖÐ¨¥ ±
¶µ¶· ¢± ³ ´  ¢§ ¨³µ¤¥°¸É¢¨¥ ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ ¢  ³¶²¨ÉÊ¤¥ ƒ��. Ÿ¢-
´Ò° ¢¨¤ ÔÉ¨Ì ¶µ¶· ¢µ± § ¤ ¥É¸Ö ¶¥·¢Ò³ Î²¥´µ³ ¢ ¢Ò· ¦¥´¨¨ (65). ‚±² ¤
ÔÉ¨Ì ¶µ¶· ¢µ± §´ Î¨É¥²Ó´µ ¶µ¤ ¢²¥´ ¨§-§  ´Ê±²µ´´ÒÌ ¶·µ¶ £ Éµ·µ¢, § ¢¨¸Ö-
Ð¨Ì µÉ q. ‚ Í¥²µ³ ¢¸¥ ÔÉ¨ ¶µ¶· ¢±¨ Ê¡Ò¢ ÕÉ ¸ ·µ¸Éµ³ Q2 ´¥ ³¥¤²¥´´¥¥, Î¥³
1/Q4.

ˆÉ ±, ¢ ¡Ó¥·±¥´µ¢¸±µ³ ¶·¥¤¥²¥ ´¥µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ Éµ²Ó±µ µ¤´µ´Ê±-
²µ´´Ò° ¢±² ¤ µÉ ·¥²ÖÉ¨¢¨¸É¸±µ£µ ¨³¶Ê²Ó¸´µ£µ ¶·¨¡²¨¦¥´¨Ö. ˆ¸¶µ²Ó§µ¢ ´¨¥
¡Ó¥·±¥´µ¢¸±µ£µ ¶·¥¤¥²  µ¶· ¢¤ ´´µ, ¶µ¸±µ²Ó±Ê ¢ · ¸¸³ É·¨¢ ¥³µ° ±¨´¥³ É¨-
Î¥¸±µ° µ¡² ¸É¨ µÉ´µÏ¥´¨¥ ‘” Ö¤·  ¨ ¤¥°É·µ´  ´¥ § ¢¨¸¨É µÉ Q2 [55].

4.2. �¤·µ´´Ò° É¥´§µ· ¤¥°É·µ´ . � ¸¸³µÉ·¨³  ¤·µ´´Ò° É¥´§µ· ¤¥°-
É·µ´  ¢ ¨³¶Ê²Ó¸´µ³ ¶·¨¡²¨¦¥´¨¨. �µ¤¸É ¢¨¢ ¢Ò· ¦¥´¨¥ (61) ¢ (56) ¨ µÉ-
¡·µ¸¨¢ 1/Q2-Î²¥´Ò, § ¶¨Ï¥³  ³¶²¨ÉÊ¤Ê ´¥¶µ²Ö·¨§µ¢ ´´µ£µ ±µ³¶Éµ´µ¢¸±µ£µ
· ¸¸¥Ö´¨Ö ´  ¤¥°É·µ´¥ ¢ ¢¨¤¥

TD
µν(P, q) =

∫
d4k

(2π)4
Γ

D

S (P, k)S

(
P

2
− k
)
×

×
(
S

(
P

2
+ k

)
G4µν

(
q,
P

2
+ k

)
S

(
P

2
+ k

))
ΓD
S (P, k). (66)

„²Ö ´Ê±²µ´´µ£µ ¶·µ¶ £ Éµ·  ¢ µ¡Ð¥³ ¸²ÊÎ ¥ ³µ¦¥É ¡ÒÉÓ ¶·¨³¥´¥´µ ¸²¥¤ÊÕ-
Ð¥¥ ¶·¥¤¸É ¢²¥´¨¥ Î¥·¥§ ¤¨· ±µ¢¸±¨¥ ¸¶¨´µ·Ò:

Sss
′
(p) =

m

Ẽ

us(p)ūs
′
(p)

(p0 − Ẽ + iδ)
− m

Ẽ

vs(p)v̄s
′
(p)

(p0 + Ẽ − iδ)
. (67)

‡¤¥¸Ó Ẽ =
√

p2 +m2 + (p̂+m)G2(p) Å Ô´¥·£¨Ö ´Ê±²µ´ , ¶¥·¥Ìµ¤ÖÐ Ö ¢

Ô´¥·£¨Õ ´Ê±²µ´  ´  ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨ (E =
√

p2 +m2) ¶·¨ p2 = m2,  
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¨´¤¥±¸Ò s µ¡µ§´ Î ¥É ¶·µ¥±Í¨Õ ¸¶¨´  ´Ê±²µ´  ´  ¢Ò¤¥²¥´´ÊÕ µ¸Ó. ‚ · ³± Ì
´ Ï¥£µ µ¸´µ¢´µ£µ ¶·¨¡²¨¦¥´¨Ö ³ ²µ° µÉ´µ¸¨É¥²Ó´µ° Ô´¥·£¨¨ ´Ê±²µ´µ¢ ¢
¤¥°É·µ´¥ ¢±² ¤µ³ G2(p) ³µ¦´µ ¶·¥´¥¡·¥ÎÓ.

”Ê´±Í¨Ö ƒ·¨´  G4µν ´¥¶µ¸·¥¤¸É¢¥´´µ ¸¢Ö§ ´  ¸  ³¶²¨ÉÊ¤µ° ±µ³¶Éµ´µ¢-
¸±µ£µ · ¸¸¥Ö´¨Ö ´  ´Ê±²µ´¥

T Ñ
µν

(
P

2
+ k, q

)
= 2m

∑
s

ūs
(

P

2
+ k

)
G4µν

(
q,
P

2
+ k

)
us
(

P

2
+ k

)
,

T Ñ
µν

(
P

2
+ k, q

)
= 2m

∑
s

v̄s
(

P

2
+ k

)
G4µν

(
q,
P

2
+ k

)
vs
(

P

2
+ k

)
, (68)

£¤¥ Ñ(Ñ) µ¡µ§´ Î ¥É ¸¢Ö§ ´´Ò° ´Ê±²µ´ ( ´É¨´Ê±²µ´). ‚µ¸¶µ²Ó§µ¢ ¢Ï¨¸Ó ¶·¥¤-
¸É ¢²¥´¨¥³ (67) ¨ ¢Ò· ¦¥´¨Ö³¨ (68),   É ±¦¥ ÊÎ¨ÉÒ¢ Ö  §¨³ÊÉ ²Ó´ÊÕ ¸¨³-
³¥É·¨Õ ¢¥·Ï¨´´µ° ËÊ´±Í¨¨ �¥É¥Å‘µ²¶¨É¥· , ¶¥·¥¶¨Ï¥³  ³¶²¨ÉÊ¤Ê ±µ³¶-
Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ¢ É¥·³¨´ Ì ´Ê±²µ´´ÒÌ ¨  ´É¨´Ê±²µ´´ÒÌ  ³¶²¨ÉÊ¤:

1

6

∑
s,s′

T̃ Ñs,s
′

µν

(
P

2
+ k, q

)
fs,s

′;S(P, k) = T Ñ
µν

(
P

2
+ k, q

)
f Ñ(P, k), (69)

f Ñ(P, k) =
1

3

∑
s,S

fss;S(P, k).

�Éµ ¶·¨¢µ¤¨É ±  ´ ²µ£Ê ±µ´¢µ²ÕÍ¨µ´´µ° Ëµ·³Ê²Ò ¤²Ö ±µ³¶Éµ´µ¢¸±µ°
 ³¶²¨ÉÊ¤Ò:

TD
µν(P, q) =

∫
d4k

(2π)4
T Ñ
µν

(
P

2
+ k, q

)
f Ñ(P, k) +

+

∫
d4k

(2π)4
T Ñ
µν

(
P

2
+ k, q

)
f Ñ(P, k).

�µ²´ Ö Ê¸¥Î¥´´ Ö ´Ê±²µ´´ Ö  ³¶²¨ÉÊ¤  ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö
G4µν

(
q, P2 + k

)
¨³¥¥É ¸¨´£Ê²Ö·´µ¸É¨, ¸¢Ö§ ´´Ò¥ ¸ ´¥¶·¥·Ò¢´Ò³ ¸¶¥±É·µ³

¢ ¶·µ³¥¦ÊÉµÎ´µ³ ¸µ¸ÉµÖ´¨¨. ’ ±¨³ µ¡· §µ³, ¶·¨ ¡µ²ÓÏ¨Ì Q2  ³¶²¨ÉÊ¤ 

¸¢Ö§ ´´µ£µ ´Ê±²µ´  ( ´É¨´Ê±²µ´ ) T Ñ(Ñ)
µν

(
P
2 + k, q

)
³µ¦¥É ¡ÒÉÓ ¸¢Ö§ ´  ¸

 ¤·µ´´Ò³ É¥´§µ·µ³ ´Ê±²µ´  ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¸µµÉ´µÏ¥´¨¥³ Ê´¨É ·´µ¸É¨ (5).
‚ ·¥§Ê²ÓÉ É¥ ¶µ²ÊÎ ¥³ ±µ´¢µ²ÕÍ¨µ´´ÊÕ Ëµ·³Ê²Ê ¤²Ö  ¤·µ´´µ£µ É¥´§µ· :

WD
µν(P, q) =

∫
d4k

(2π)4
W Ñ
µν

(
P

2
+ k, q

)
f Ñ(P, k) + (70)

+

∫
d4k

(2π)4
W Ñ
µν

(
P

2
+ k, q

)
f Ñ(P, k),
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£¤¥ ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨° ¢¨¤:

f Ñ(P, k) =
im2

2E3

1(
MD

2 + k0 − E + iδ
)2 ×

×
[

Φ2
++(P, k)

−k0 − (E − MD

2 ) + iδ
+

Φ2
+−(P, k)

−k0 + (E + MD

2 )− iδ

]
,

f Ñ(P, k) =
im2

2E3

1(
MD

2 + k0 + E − iδ
)2 ×

×
[

Φ2
−−(P, k)

−k0 + (E + MD

2 )− iδ
+

Φ2
−+(P, k)

−k0 − (E − MD

2 ) + iδ

]
.

”Ê´±Í¨¨ Φ ¸¢Ö§ ´Ò ¸ ¢¥·Ï¨´´Ò³¨ ËÊ´±Í¨Ö³¨ �¥É¥Å‘µ²¶¨É¥·  ¸²¥¤ÊÕÐ¨³¨
¸µµÉ´µÏ¥´¨Ö³¨:

Φ2
++(MD, k) =

=
∑
S

Γ
D

S,αβ(MD, k)
∑
s

usα(k)usδ(k)
∑
s

usβ(−k)usγ(−k)ΓD
S,δγ(MD, k),

Φ2
+−(MD, k) =

= −
∑
S

Γ
D

S,αβ(MD, k)
∑
s

usα(k)usδ(k)
∑
s

vsβ(k)vsγ(k)ΓD
S,δγ(MD, k),

Φ2
−+(MD, k) =

= −
∑
S

Γ
D

S,αβ(MD, k)
∑
s

vsα(−k)vsδ(−k)
∑
s

usβ(−k)usγ(−k)ΓD
S,δγ(MD, k),

Φ2
−−(MD, k) =

=
∑
S

Γ
D

S,αβ(MD, k)
∑
s

vsα(−k)vsδ(−k)
∑
s

vsβ(k)vsγ(k)ΓD
S,δγ(MD, k),

£¤¥ £·¥Î¥¸±¨³¨ ¡Ê±¢ ³¨ µ¡µ§´ Î¥´Ò ¸¶¨´µ·´Ò¥ ¨´¤¥±¸Ò ¨ ¶µ ¶µ¢Éµ·ÖÕÐ¨³¸Ö
¨´¤¥±¸ ³ ¶µ¤· §Ê³¥¢ ¥É¸Ö ¸Ê³³¨·µ¢ ´¨¥.

’ ±¨³ µ¡· §µ³, ³Ò ¶µ²ÊÎ¨²¨ ¢Ò· ¦¥´¨¥, ¸¢Ö§Ò¢ ÕÐ¥¥  ¤·µ´´Ò° É¥´§µ·
·¥²ÖÉ¨¢¨¸É¸±µ£µ ¤¥°É·µ´  ¸  ¤·µ´´Ò³¨ É¥´§µ· ³¨ ¢´¥³ ¸¸µ¢µ£µ ´Ê±²µ´  ¨
 ´É¨´Ê±²µ´  ¢ Ö¤·¥, ¶·¨Î¥³ ¢±² ¤ ´Ê±²µ´  ¨  ´É¨´Ê±²µ´  µ± §Ò¢ ¥É¸Ö  ¤¤¨-
É¨¢´Ò³.

4.2.1. ‘É·Ê±ÉÊ·´ Ö ËÊ´±Í¨Ö ¤¥°É·µ´  FD
2 . „²Ö Éµ£µ ÎÉµ¡Ò ¢ÒÎ¨¸²¨ÉÓ

É¥¶¥·Ó ¸É·Ê±ÉÊ·´ÊÕ ËÊ´±Í¨Õ ¤¥°É·µ´  FD
2 (x), ´¥µ¡Ìµ¤¨³µ ¢Ò· §¨ÉÓ ¸µµÉ¢¥É-

¸É¢ÊÕÐ¨¥  ¤·µ´´Ò¥ É¥´§µ·Ò Î¥·¥§ ¸± ²Ö·´Ò¥ ¸É·Ê±ÉÊ·´Ò¥ ËÊ´±Í¨¨ FN
2 (x).

’ ± Ö ¶·µÍ¥¤Ê·  ¢Ò¶µ²´Ö¥É¸Ö ¸ ¶µ³µÐÓÕ ¶·¥¤¸É ¢²¥´¨Ö (9), ¸¶· ¢¥¤²¨¢µ£µ
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Éµ²Ó±µ ¤²Ö ¸¢µ¡µ¤´ÒÌ Î ¸É¨Í. �Éµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ ¤¥² ¥É ¥£µ ´¥¶·¨³¥´¨-
³Ò³ ¤²Ö ´Ê±²µ´ , ¸¢Ö§ ´´µ£µ ¢ ¤¥°É·µ´¥. „ ¦¥ ¥¸²¨ ¢µ¸¶µ²Ó§µ¢ ÉÓ¸Ö ¶·¨-
¡²¨¦¥´¨¥³ ³ ²µ° Ô´¥·£¨¨ ¸¢Ö§¨ ¢ ¤¥°É·µ´¥ ¨ ¶·¥´¥¡·¥ÎÓ ¢µ§³µ¦´Ò³¨ ¤µ-
¶µ²´¨É¥²Ó´Ò³¨ ¸É·Ê±ÉÊ·´Ò³¨ ËÊ´±Í¨Ö³¨, Éµ ¢Ò· ¦¥´¨¥ (9) ¸µ¤¥·¦¨É (Î¥·¥§
¸É·Ê±ÉÊ·´Ò¥ ËÊ´±Í¨¨ ±µ´¸É¨ÉÊ¥´Éµ¢) § ¢¨¸¨³µ¸ÉÓ µÉ µÉ´µ¸¨É¥²Ó´µ° Ô´¥·£¨¨
´Ê±²µ´µ¢ ¢ ¤¥°É·µ´¥, ±µÉµ·ÊÕ ´¥µ¡Ìµ¤¨³µ ÊÎ¥¸ÉÓ ¸µ£² ¸µ¢ ´´Ò³ µ¡· §µ³.

�·µ¡²¥³Ê ³µ¦´µ ¶·¥µ¤µ²¥ÉÓ, ¶·µ¨´É¥£·¨·µ¢ ¢ ¶µ k0 ¢Ò· ¦¥´¨¥ (70),
ÊÎ¨ÉÒ¢ Ö ¶·¨ ÔÉµ³  ´ ²¨É¨Î¥¸±¨¥ ¸¢µ°¸É¢  ¶µ¤Ò´É¥£· ²Ó´µ£µ ¢Ò· ¦¥´¨Ö.
�Éµ ¢Ò· ¦¥´¨¥ Ö¢²Ö¥É¸Ö  ´ ²¨É¨Î¥¸±µ° ËÊ´±Í¨¥°, ¸µ¤¥·¦ Ð¥° ¸¨´£Ê²Ö·-
´µ¸É¨ ¸²¥¤ÊÕÐ¥£µ Ì · ±É¥· : ¶µ²Õ¸  ¨ · §·¥§Ò ¢ ´Ê±²µ´´ÒÌ ¶·µ¶ £ Éµ· Ì,
¶µ²Õ¸  ¨ · §·¥§Ò ¢ ¢¥·Ï¨´´µ° ËÊ´±Í¨¨ �¥É¥Å‘µ²¶¨É¥· . ‘¨´£Ê²Ö·´µ¸É¨
´Ê±²µ´´µ£µ ¶·µ¶ £ Éµ·  (67) µ¡Ê¸²µ¢²¥´Ò ¶µ²Õ¸µ³ p2 = m2

N ¨ · §·¥§ ³¨,
¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ ¢±² ¤Ê πN-, 2πN-, ... ¸µ¸ÉµÖ´¨° ¢ Ë¨§¨Î¥¸±µ³ ´Ê±²µ´¥.
�µ¸±µ²Ó±Ê ¸µ¸ÉµÖ´¨Ö πN, 2πN, ... ²¥¦ É ¤µ¸É ÉµÎ´µ ¤ ²¥±µ ¶µ Ô´¥·£¨¨ µÉ
¶µ²Õ¸  p2 = m2

N, Éµ, ¶·¥¤¶µ²µ¦¨¢ ³ ²ÊÕ µÉ´µ¸¨É¥²Ó´ÊÕ Ô´¥·£¨Õ ´Ê±²µ´µ¢
¢ ¤¥°É·µ´¥, ³µ¦´µ ¶·¥´¥¡·¥ÎÓ · §·¥§ ³¨ ¢ ´Ê±²µ´´ÒÌ ¶·µ¶ £ Éµ· Ì.

‘¨´£Ê²Ö·´µ¸É¨ ¢¥·Ï¨´´µ° ËÊ´±Í¨¨ �¥É¥Å‘µ²¶¨É¥·  ³µ£ÊÉ ¡ÒÉÓ § Ë¨±-
¸¨·µ¢ ´Ò ¸ ¶µ³µÐÓÕ ¸µµÉ´µÏ¥´¨Ö ³¥¦¤Ê ÔÉ¨³¨ ¢¥·Ï¨´ ³¨ ¨ ¤¢ÊÌ´Ê±²µ´´µ°
ËÊ´±Í¨¥° ƒ·¨´  (24):

ΓD
αβ(P, k)Γ

D

δγ(P, k
′) = lim

P 2→M2
D

(P 2 −M2
D)G4αβδγ(P, k, k

′).

’ ±¨³ µ¡· §µ³, ¢¥·Ï¨´´ Ö ËÊ´±Í¨Ö �¥É¥Å‘µ²¶¨É¥·  ¤²Ö ¤¥°É·µ´  ¨³¥¥É É¥
¦¥ ¸¨´£Ê²Ö·´µ¸É¨ ¶µ µÉ´µ¸¨É¥²Ó´µ³Ê ¨³¶Ê²Ó¸Ê, ÎÉµ ¨ ¤¢ÊÌ´Ê±²µ´´ Ö ËÊ´±-
Í¨Ö ƒ·¨´ . �µ¸±µ²Ó±Ê ¡²¨¦ °Ï Ö ¶µ Ô´¥·£¨¨ ¸¨´£Ê²Ö·´µ¸ÉÓ ¢ ÔÉµ° ËÊ´±Í¨¨
µ¶·¥¤¥²Ö¥É¸Ö · §·¥§µ³, ´ Î¨´ ÕÐ¨³¸Ö ¸ k2 = m2

π, Éµ, ¸²¥¤ÊÖ ´ Ï¨³ ¨¸Ìµ¤-
´Ò³ ¶·¥¤¶µ²µ¦¥´¨Ö³, ¸¨´£Ê²Ö·´µ¸ÉÖ³¨ ¢ Γ(P, k) ¶·¨ ¨´É¥£·¨·µ¢ ´¨¨ (70) ¶µ
k0 ³µ¦´µ ¶·¥´¥¡·¥ÎÓ. �Éµ ¤ ¥É ¢µ§³µ¦´µ¸ÉÓ  ¶¶·µ±¸¨³¨·µ¢ ÉÓ ¨´É¥£· ² ¶µ
k0 ¢ (70) ¢ÒÎ¥É ³¨ ¢ ´Ê±²µ´´µ³ ¨  ´É¨´Ê±²µ´´µ³ ¶µ²Õ¸ Ì ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì
¶·µ¶ £ Éµ·µ¢. ‚ ·¥§Ê²ÓÉ É¥ ¶µ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö  ¤·µ´´µ£µ
É¥´§µ· :

WD
µν(MD, q) =

∫
d3k

(2π)3
m2

2E3(MD − 2E)2

{
Φ2

++(MD, k)W
N
µν(k, q)+

+ (MD − 2E)
∂

∂k0

(
WN
µν(k, q)Φ

2
++(MD, k)

)
k0=kN

0

+

+
(MD − 2E)2

M2
D

[
Φ2

+−(MD, k)W
N
µν(k, q) + Φ2

−+(MD, k)W
N
µν(k, q)+

+MD
∂

∂k0

(
WN
µν(k, q)Φ

2
+−(MD, k)

)
k0=kN

0

+
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+MD
∂

∂k0

(
WN
µν(k, q)Φ

2
−+(MD, k)

)
k0=kN

0

+

+
M2

D

(MD + 2E)

∂

∂k0

(
WN
µν(k, q)Φ

2
−−(MD, k)

)
k0=kN

0

+

+
M2

D

(MD + 2E)2
Φ2
−−(MD, k)W

N
µν(k, q)

]}
, (71)

£¤¥ kN
0 = E −MD/2 ¨ kN

0 = −E −MD/2. Œµ¦´µ § ³¥É¨ÉÓ, ÎÉµ ¶µ²ÊÎ¥´´µ¥
¢Ò· ¦¥´¨¥ ¶µ Ëµ·³¥ ¸µ¢¶ ¤ ¥É ¸ · §²µ¦¥´¨¥³ ¶µ ¸É¥¶¥´Ö³ ¤¥Ë¥±É  ³ ¸¸
(MD − 2E)/MD ´Ê±²µ´  ¢ ¤¥°É·µ´¥. �¥·¢Ò° ·¥§Ê²ÓÉ É, ±µÉµ·Ò° ¸²¥¤Ê¥É ¨§
ÔÉµ£µ, ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ¢¸¥ ¢±² ¤Ò,  ¸¸µÍ¨¨·µ¢ ´´Ò¥ ¸  ´É¨´Ê±²µ´ ³¨,
¶·µ¶µ·Í¨µ´ ²Ó´Ò ¢Éµ·µ° ¸É¥¶¥´¨ ¤¥Ë¥±É  ³ ¸¸. �µ¸±µ²Ó±Ê ÔÉ  ¢¥²¨Î¨´  ¤²Ö
¤¥°É·µ´  µÎ¥´Ó ³ ²  ((MD − 2E)/MD ≈ 0, 01), ³µ¦´µ § ±²ÕÎ¨ÉÓ, ÎÉµ ¢±² ¤
 ´É¨´Ê±²µ´µ¢ ¢  ¤·µ´´Ò° É¥´§µ· ¤¥°É·µ´  ¸ÊÐ¥¸É¢¥´´µ ¶µ¤ ¢²¥´.

�¸´µ¢´Ò³ ·¥§Ê²ÓÉ Éµ³ ¶·µ¤¥² ´´ÒÌ ¢Ò±² ¤µ± Ö¢²Ö¥É¸Ö ¢Ò· ¦¥´¨¥, ¸¢Ö-
§Ò¢ ÕÐ¥¥  ¤·µ´´Ò° É¥´§µ· ¤¥°É·µ´  ¸  ¤·µ´´Ò³¨ É¥´§µ· ³¨ ´Ê±²µ´µ¢ ´ 
³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨ ¨ ¨Ì ¶·µ¨§¢µ¤´Ò³¨ ¢¡²¨§¨ ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨. ’¥-
¶¥·Ó ³Ò ³µ¦¥³ ¢µ¸¶µ²Ó§µ¢ ÉÓ¸Ö ¸µµÉ´µÏ¥´¨¥³ (9) ¨ ¶µ²ÊÎ¨ÉÓ FD

2 ¸ ¶µ³µÐÓÕ
´¥±µÉµ·µ£µ ¶·µ¥±Í¨µ´´µ£µ µ¶¥· Éµ· :

W Ñ
j (q, ki) = Pµνj W Ñ

µν(ki · q, q2, k2
i ).

‚ ¡Ó¥·±¥´µ¢¸±µ³ ¶·¥¤¥²¥ ¢ ± Î¥¸É¢¥ É ±µ£µ µ¶¥· Éµ·  ³µ¦¥É ¡ÒÉÓ ¨¸¶µ²Ó§µ-
¢ ´ ³¥É·¨Î¥¸±¨° É¥´§µ· gµν :

lim
Q2→∞

gµνWN(A)
µν (P, q) = − 1

x
F

N(A)
2 (x) .

�ÉµÉ µ¶¥· Éµ· ´¥ § ¢¨¸¨É µÉ µÉ´µ¸¨É¥²Ó´µ£µ ¨³¶Ê²Ó¸ , ¶µÔÉµ³Ê ¶·µ¨§¢µ¤´ Ö
 ¤·µ´´µ£µ É¥´§µ·  ¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤:

gµν
d

dki0
W Ñ
µν(ki, q) =

d

d(ki · q)
W Ñ(ki · q, q2, k2

i )
d(ki · q)
dki0

+

+ 2ki0
d

dk2
i

W Ñ(ki · q, q2, k2
i ),

W Ñ(ki · q, q2, k2
i ) = gµνW Ñ

µν(ki, q). (72)

�¥·¢Ò° Î²¥´ ¶·µ¨§¢µ¤´µ°  ¤·µ´´µ£µ É¥´§µ·  µÉ· ¦ ¥É ³µ¤¨Ë¨± Í¨Õ ¸É·Ê±-
ÉÊ·´ÒÌ ¸¢µ°¸É¢ ¸¢Ö§ ´´µ£µ ´Ê±²µ´ , ±µÉµ· Ö µ¶·¥¤¥²Ö¥É¸Ö x-§ ¢¨¸¨³µ¸ÉÓÕ ¥£µ
¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨°. ‚Éµ·µ° Î²¥´ µÉ· ¦ ¥É ¨§³¥´¥´¨Ö ¢  ¤·µ´´µ³ É¥´§µ·¥
´Ê±²µ´ , ¸¢Ö§ ´´Ò¥ ¸ ¨§³¥´¥´¨¥³ Ô´¥·£¨¨ ´Ê±²µ´ . �µ¸±µ²Ó±Ê ¢Éµ·µ° Î²¥´
¶·µ¶µ·Í¨µ´ ²¥´ ki0, ¸·¥¤´¥¥ §´ Î¥´¨¥ ±µÉµ·µ° ³ ²µ (〈k0〉 ' 〈MD − 2E〉), Éµ
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µ´ ³µ¦¥É ¡ÒÉÓ µÉ¡·µÏ¥´ ± ± ¶µ¶· ¢±  ¢Éµ·µ° ¸É¥¶¥´¨ ¶µ (MD − 2E)/MD.

�Éµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ ¶µ§¢µ²Ö¥É ¶·¥´¥¡·¥ÎÓ § ¢¨¸¨³µ¸ÉÓÕ W Ñ
µν µÉ k2

i :

d

dk0
lim

Q2→∞
gµνW Ñ

µν(P, q)|k0=kN
0

=

[
1

x2
FN

2 (x)− 1

x

d

dx
FN

2 (x)

](
dx

dk0

)
k0=kN

0

.

(73)
�·¥´¥¡·¥£ Ö Î²¥´ ³¨ ¶µ·Ö¤±  (MD − 2E)2, § ¶¨Ï¥³ ¸É·Ê±ÉÊ·´ÊÕ ËÊ´±-

Í¨Õ ¤¥°É·µ´  ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

FD
2 (xD) =

∫
d3k

(2π)3
m2

4E3(MD − 2E)2

{
FN

2 (xN)

(
E − k3

MD
+
MD − 2E

2MD

)
×

×Φ2
++(MD, k)−

MD − 2E

MD
xN

dFN
2 (xN)

dxN
Φ2

++(MD, k) +

+FN
2 (xN)

E − k3

MD
(MD − 2E)

∂

∂k0
Φ2

++(MD, k)

}
k0=E−MD/2

. (74)

‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¢Ò· ¦¥´¨¥³ (71) ´¥É ´¥µ¡Ìµ¤¨³µ¸É¨
¶·¥´¥¡·¥£ ÉÓ ¤µ¶µ²´¨É¥²Ó´Ò³¨ ¸É·Ê±ÉÊ·´Ò³¨ ËÊ´±Í¨Ö³¨ ¢ ¶·¥¤¸É ¢²¥´¨¨
¤²Ö W Ñ

µν . …¤¨´¸É¢¥´´µ¥ ¤µ¶ÊÐ¥´¨¥, ±µÉµ·µ¥ ¶·¨Ìµ¤¨É¸Ö ¤¥² ÉÓ ¶·¨ ¨¸¶µ²Ó-
§µ¢ ´¨¨ ¶·¥¤¸É ¢²¥´¨Ö (9) ¤²Ö ´Ê±²µ´´ÒÌ  ³¶²¨ÉÊ¤, Å ÔÉµ ³ ²µ¸ÉÓ ¶·µ¨§-
¢µ¤´ÒÌ ¢´¥³ ¸¸µ¢ÒÌ ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨° ¢¡²¨§¨ ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨.

”Ê´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö ¢ ¶µ²ÊÎ¥´´µ³ ¢Ò· ¦¥´¨¨ ¤²Ö ‘” ¤¥°É·µ´ , ¢
¸¨²Ê Ê¸²µ¢¨Ö ´µ·³¨·µ¢±¨ ¤²Ö ¢¥·Ï¨´´µ° ËÊ´±Í¨¨ �¥É¥Å‘µ²¶¨É¥·  (53),
Ê¤µ¢²¥É¢µ·Ö¥É ¨³¶Ê²Ó¸´µ³Ê ¶· ¢¨²Ê ¸Ê³³∫

d3k

(2π)3
m2E

4E3(MD − 2E)2

{(
E

MD
+
MD − 2E

2MD

)
Φ2

++(MD, k)+

+
MD − 2E

MD

∂

∂k0
Φ2

++(MD, k)

}
k0=kN

0

=
MD

2
(75)

¨ ¡ ·¨µ´´µ³Ê ¶· ¢¨²Ê ¸Ê³³∫
d3k

(2π)3
m2

4E2MD(MD − 2E)2
×

×
{

Φ2
++(MD, k) +

MD − 2E

MD

∂

∂k0
Φ2

++(MD, k)

}
k0=kN

0

= 1.

Œµ¦´µ ¶·¥¤²µ¦¨ÉÓ Ë¨§¨Î¥¸±ÊÕ ¨´É¥·¶·¥É Í¨Õ ¤²Ö · §²¨Î´ÒÌ ¢±² ¤µ¢
¢ ¢Ò· ¦¥´¨¨ (74). ’ ±, ´ ¶·¨³¥·, ¶¥·¢Ò° Î²¥´ ÔÉµ£µ ¢Ò· ¦¥´¨Ö ¸µµÉ¢¥É-
¸É¢Ê¥É ¢±² ¤Ê · ¸¸¥Ö´¨Ö ´  ´Ê±²µ´¥ ´  ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨ ( ´ ²µ£ ´¥-
·¥²ÖÉ¨¢¨¸É¸±µ£µ ¨³¶Ê²Ó¸´µ£µ ¶·¨¡²¨¦¥´¨Ö). ‚Éµ·µ° Î²¥´ ¶·µ¶µ·Í¨µ´ ²¥´
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¤¥Ë¥±ÉÊ ³ ¸¸Ò ¨, ¶µ¸±µ²Ó±Ê ¥£µ ³µ¦´µ µÉ´¥¸É¨ ± µ¤´µ´Ê±²µ´´Ò³ ¢±² ¤ ³
(´  ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨), Í¥²¥¸µµ¡· §´µ ¨´É¥·¶·¥É¨·µ¢ ÉÓ ÔÉµÉ Î²¥´ ± ±
¢±² ¤ ÔËË¥±Éµ¢ Ö¤¥·´µ° ¸¢Ö§¨. �µ¸²¥¤´¨° Î²¥´ ´¥ ³µ¦¥É ¡ÒÉÓ µÉ´¥¸¥´ ±
µ¤´µ´Ê±²µ´´Ò³ ¢±² ¤ ³, ¶µ¸±µ²Ó±Ê µ´ § ¢¨¸¨É µÉ ¤¨´ ³¨±¨ µÉ´µ¸¨É¥²Ó´µ£µ
¤¢¨¦¥´¨Ö ´Ê±²µ´µ¢. �µ ÔÉµ° ¶·¨Î¨´¥ ¥£µ ¸²¥¤Ê¥É ¨´É¥·¶·¥É¨·µ¢ ÉÓ ± ± ·¥²Ö-
É¨¢¨¸É¸±¨° ¤¢ÊÌ´Ê±²µ´´Ò° ÔËË¥±É. �µ²¥¥ ¶·µ§· Î´ Ö Ë¨§¨Î¥¸± Ö ¨´É¥·¶·¥-
É Í¨Ö ¢µ§³µ¦´  ¶·¨ ¶¥·¥Ìµ¤¥ ± ´¥·¥²ÖÉ¨¢¨¸É¸±µ³Ê ¶·¥¤¥²Ê. ‚ ÔÉµ³ ¸²ÊÎ ¥
³µ¦´µ ¶·µ¢¥¸É¨ ¸· ¢´¥´¨¥ ¸  ´ ²¨É¨Î¥¸±¨³¨ ¢Ò· ¦¥´¨Ö³¨, ¶µ²ÊÎ¥´´Ò³¨ ¢
· ³± Ì ¤·Ê£¨Ì ´¥·¥²ÖÉ¨¢¨¸É¸±¨Ì É¥µ·¥É¨±µ-¶µ²¥¢ÒÌ ¶µ¤Ìµ¤µ¢.

4.2.2. �¥·¥²ÖÉ¨¢¨¸É¸±¨° ¶·¥¤¥². � §²µ¦¨³ Ô´¥·£¨Õ ¸¢Ö§ ´´µ£µ ´Ê±²µ´ 
¢ (74) ¶µ ¸É¥¶¥´Ö³ p2/m2 ¨ µÉ¡·µ¸¨³ ·¥²ÖÉ¨¢¨¸É¸±¨¥ ¤¢ÊÌ´Ê±²µ´´Ò¥ ¶µ-
¶· ¢±¨. �Éµ ¶·¨¢µ¤¨É ± ¸²¥¤ÊÕÐ¥³Ê ¢Ò· ¦¥´¨Õ ¤²Ö ¸É·Ê±ÉÊ·´µ° ËÊ´±Í¨¨
¤¥°É·µ´ :

FD
2 (xD) =

∫
d3k

(2π)3

{
FN

2 (xN)

(
1− k3

m

)
Ψ2(k)−

− −T + ε

2m
xN

dFN
2 (xN)

dxN
Ψ2(k)

}
, (76)

£¤¥ T = 2E − 2m Å ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö ´Ê±²µ´µ¢,   ε = MD − 2m Å
Ô´¥·£¨Ö ¸¢Ö§¨.

‚ ÔÉµ³ ¢Ò· ¦¥´¨¨ ³Ò ¢¢¥²¨  ´ ²µ£ ´¥·¥²ÖÉ¨¢¨¸É¸±µ° ¢µ²´µ¢µ° ËÊ´±Í¨¨
Ψ2(k), ¸¢Ö§ ´´µ° ¸ Φ2

++(MD, k) ¸²¥¤ÊÕÐ¨³ ¸µµÉ´µÏ¥´¨¥³:

Ψ2(k) =
m2

4E2MD(MD − 2E)2
{
Φ2

++(MD, k)
}
k0=E−MD/2

.

�·¨ ÔÉµ³ Ê¸²µ¢¨¥ ´µ·³¨·µ¢±¨ ¤²Ö Ψ2(k) ¨³¥¥É ¢¨¤∫
d3k

(2π)3
Ψ2(k) = 1.

‘· ¢´¨³ ¢Ò· ¦¥´¨¥ (76) ¸ ·¥§Ê²ÓÉ É ³¨ · ¸Î¥Éµ¢ ¢ ±¢ §¨¶µÉ¥´Í¨ ²Ó´µ³ ¶µ¤-
Ìµ¤¥ [90]:

FD
2 (xD) =

∫
d3k

(2π)3
FN

2 (xN)

(
1− k3

m

)
Ψ2(k)− − < T > +ε

2m
xD

dFN
2 (xD)

dxD
.

(77)
‡¤¥¸Ó Ψ(k) Å ·¥Ï¥´¨¥ ±¢ §¨¶µÉ¥´Í¨ ²Ó´µ£µ Ê· ¢´¥´¨Ö ¸ µ¤´µ¢·¥³¥´´Ò³¨
´Ê±²µ´ ³¨.

�Î¥¢¨¤´µ, ÎÉµ ¢Ò· ¦¥´¨Ö (77) ¨ (76) ¨³¥ÕÉ ¶· ±É¨Î¥¸±¨ µ¤¨´ ±µ¢ÊÕ
¸É·Ê±ÉÊ·Ê. �·¨Î¥³ ¢ ±¢ §¨¶µÉ¥´Í¨ ²Ó´µ³ · ¸Î¥É¥ Î²¥´ ¸ ¶·µ¨§¢µ¤´µ° µÉ
¸É·Ê±ÉÊ·´µ° ËÊ´±Í¨¨ ¢µ§´¨± ¢¸²¥¤¸É¢¨e ÊÎ¥É  ³¥§µ´´ÒÌ ¶µ¶· ¢µ±,  ¸¸µÍ¨-
¨·µ¢ ´´ÒÌ ¸ ´Ê±²µ´´Ò³ ¶µÉ¥´Í¨ ²µ³. ˆ³¥´´µ ÔÉµÉ ¢±² ¤ µ¡¥¸¶¥Î¨¢ ¥É µÉ-
±²µ´¥´¨¥ µÉ ¥¤¨´¨ÍÒ µÉ´µÏ¥´¨Ö ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨° ¤¥°É·µ´  ¨ ´Ê±²µ´ 
¢ µ¡² ¸É¨ 0, 3 < x < 0, 6.
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�¨¸. 3. �É´µÏ¥´¨¥ ‘” FD
2 (x)/FN

2 (x).
� · ³¥É·¨§ Í¨Ö FN

2 (x) ¢§ÖÉ  ¨§ · -
¡µÉÒ [89]. ‘¶²µÏ´ Ö ±·¨¢ Ö Å
·¥²ÖÉ¨¢¨¸É¸±¨° · ¸Î¥É [90], ¶Ê´±-
É¨· Å · ¸Î¥É ¢ ±¢ §¨¶µÉ¥´Í¨ ²Ó´µ³
¶µ¤Ìµ¤¥ [91], ÏÉ·¨Ì¶Ê´±É¨· Å ´¥-
·¥²ÖÉ¨¢¨¸É¸±µ¥ ¨³¶Ê²Ó¸´µ¥ ¶·¨¡²¨¦¥-
´¨¥ (¶¥·¢Ò° Î²¥´ ¢ (76) ¨ (77))

�µ²ÊÎ¥´´Ò° ·¥§Ê²ÓÉ É ¸¢¨¤¥É¥²Ó-
¸É¢Ê¥É µ Éµ³, ÎÉµ ¶·¨¢¥¤¥´´ Ö ¢ÒÏ¥ ¨´-
É¥·¶·¥É Í¨Ö ¶¥·¢ÒÌ ¤¢ÊÌ ¢±² ¤µ¢ ¢ ¢Ò-
· ¦¥´¨¨ (74) ´ Ìµ¤¨É¸Ö ¢ · §Ê³´µ³ ¸µ-
£² ¸¨¨ ¸ ¶·¥¤¸É ¢²¥´¨Ö³¨ ´¥·¥²ÖÉ¨¢¨¸É-
¸±µ° É¥µ·¨¨.

�  ·¨¸. 3 ¶·¨¢µ¤¨É¸Ö ¸· ¢´¥´¨¥ ·¥-
§Ê²ÓÉ Éµ¢ · ¸Î¥É  ¢ ±¢ §¨¶µÉ¥´Í¨ ²Ó-
´µ³ ¶µ¤Ìµ¤¥ (¢Ò· ¦¥´¨¥ (77) (¶Ê´±-
É¨·) ¨ ¶µ¤Ìµ¤¥, · ¸¸³µÉ·¥´´µ³ ¢ÒÏ¥
(76) (¸¶²µÏ´ Ö ±·¨¢ Ö). �¥§Ê²ÓÉ É ÊÎ¥É 
Éµ²Ó±µ ¶¥·¢µ£µ Î²¥´  ¢ ÔÉ¨Ì ¢Ò· ¦¥´¨ÖÌ
(´¥·¥²ÖÉ¨¢¨¸É¸±µ¥ ¨³¶Ê²Ó¸´µ¥ ¶·¨¡²¨-
¦¥´¨¥) ¶·¥¤¸É ¢²¥´ ÏÉ·¨Ì¶Ê´±É¨·´µ°
±·¨¢µ°. ˆ§ ¸· ¢´¥´¨Ö ¶µ¢¥¤¥´¨Ö ÔÉ¨Ì
±·¨¢ÒÌ ¢¨¤´µ, ÎÉµ ¡ ² ´¸ ³¥¦¤Ê ¶¥·¢Ò³
¨ ¢Éµ·Ò³ Î²¥´µ³ ¢ ¢Ò· ¦¥´¨¨ (76) ¶·¨-
¢µ¤¨É ± ´¥¡µ²ÓÏµ³Ê Ê³¥´ÓÏ¥´¨Õ µÉ´µ-
Ï¥´¨Ö FD

2 /F
N
2 ¶µ ¸· ¢´¥´¨Õ ¸ ¥¤¨´¨Í¥° ¢ Éµ° ¦¥ µ¡² ¸É¨ ¶µ x, ¢ ±µÉµ·µ°

¡Ò² µ¡´ ·Ê¦¥´ …Œ‘-ÔËË¥±É ´  ÉÖ¦¥²ÒÌ Ö¤· Ì. �ËË¥±É µÉ²¨Î¨Ö µÉ´µÏ¥´¨Ö
FD

2 /F
N
2 µÉ ¥¤¨´¨ÍÒ ´¥¸±µ²Ó±µ ³¥´ÓÏ¥ ¢ ·¥²ÖÉ¨¢¨¸É¸±µ³ ¸²ÊÎ ¥ §  ¸Î¥É ¡µ²¥¥

¶µ²´µ£µ ÊÎ¥É  Ë¥·³¨-¤¢¨¦¥´¨Ö. „²Ö Î¨¸²¥´´ÒÌ · ¸Î¥Éµ¢ ¨¸¶µ²Ó§µ¢ ² ¸Ó ¶ -
· ³¥É·¨§ Í¨Ö ´Ê±²µ´´ÒÌ ‘” ¨§ · ¡µÉÒ [89]. � ¸Î¥É ¸ ¡µ²¥¥ ¸µ¢·¥³¥´´Ò³¨
¶ · ³¥É·¨§ Í¨Ö³¨ ‘” ¶·µÉµ´  [86], ¶·¥¤¸É ¢²¥´´Ò° ´  ·¨¸.4, ¤ ¥É ¤µ¶µ²´¨-
É¥²Ó´µ¥ ¶µ¤ ¢²¥´¨¥ ¢ µ¡² ¸É¨ ³ ²ÒÌ x, ±µÉµ·µ¥ ¸¢Ö§ ´µ ¸ ¡Ò¸É·Ò³ ·µ¸Éµ³
´Ê±²µ´´µ° ‘” ¢ ÔÉµ° µ¡² ¸É¨.

ˆÉ ±, Ëµ·³ ²¨§³ �¥É¥Å‘µ²¶¨É¥·  ¶µ§¢µ²Ö¥É ¢Ò· §¨ÉÓ ¸É·Ê±ÉÊ·´ÊÕ
ËÊ´±Í¨Õ ¤¥°É·µ´  ¢ É¥·³¨´ Ì ‘” ¸µ¸É ¢²ÖÕÐ¨Ì ¥£µ ¶·µÉµ´  ¨ ´¥°-
É·µ´ . �·¨ ÔÉµ³ ¢±² ¤  ´É¨´Ê±²µ´µ¢ µ± § ²¸Ö ¶µ¤ ¢²¥´ ± ± ¢Éµ· Ö ¸É¥-
¶¥´Ó ¤¥Ë¥±É  ³ ¸¸. ‚ Éµ ¦¥ ¢·¥³Ö ÊÎ¥É § ¢¨¸¨³µ¸É¨ µÉ µÉ´µ¸¨-
É¥²Ó´µ£µ ¢·¥³¥´¨ ¢  ³¶²¨ÉÊ¤ Ì ƒ�� ´  ¸¢Ö§ ´´ÒÌ ´Ê±²µ´ Ì ¶·¨¢µ¤¨É
± ³µ¤¨Ë¨± Í¨¨ ¸É·Ê±ÉÊ·Ò ´Ê±²µ´ , ´ ¶µ³¨´ ÕÐ¥° …Œ‘-ÔËË¥±É ¢ ÉÖ-
¦¥²ÒÌ Ö¤· Ì. �Éµ ¤ ¥É µ¸´µ¢ ´¨¥ ¤²Ö ¢Ò¤¢¨¦¥´¨Ö £¨¶µÉ¥§Ò µ Éµ³,
ÎÉµ ¶·¨·µ¤  …Œ‘-ÔËË¥±É  ³µ¦¥É ¡ÒÉÓ µ¡ÑÖ¸´¥´  Ô¢µ²ÕÍ¨¥° ¢´¥³ ¸¸µ-
¢µ° ¤¥Ëµ·³ Í¨¨ ¸¢Ö§ ´´µ£µ ´Ê±²µ´  µÉ A = 2 ¤µ É¥Ì §´ Î¥´¨° A,
¶·¨ ±µÉµ·ÒÌ ´ ¸ÉÊ¶ ¥É ´ ¸ÒÐ¥´¨¥ ÔËË¥±Éµ¢ ¸¢Ö§¨ ¢ ¸É·Ê±ÉÊ·¥ ´Ê±²µ´ .∗

∗�·¥¤¸É ¢²Ö¥É¸Ö Í¥²¥¸µµ¡· §´Ò³ ¨¸¸²¥¤µ¢ ÉÓ Ì · ±É¥· ¢´¥³ ¸¸µ¢µ° ¤¥Ëµ·³ Í¨¨ ¸ ¶µ³µ-
ÐÓÕ  ´ ²¨§  ¸¶¨´µ¢µ° ¸É·Ê±ÉÊ·Ò ¸¢Ö§ ´´µ£µ ´Ê±²µ´ .
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�¨¸. 4. �É´µÏ¥´¨¥ ‘” FD2 (x)/FN
2 (x).

� · ³¥É·¨§ Í¨Ö FN
2 (x) ¢§ÖÉ  ¨§ · -

¡µÉÒ [86]

‘· ¢´¥´¨¥ ¶µ²ÊÎ¥´´ÒÌ ¢Ò· ¦¥´¨°
¸ ±¢ §¨¶µÉ¥´Í¨ ²Ó´Ò³¨ · ¸Î¥É ³¨ ¶µ-
± §Ò¢ ¥É, ÎÉµ ÔËË¥±ÉÒ ¸¢Ö§¨,  ¸¸µÍ¨-
¨·µ¢ ´´Ò¥ ¢ É ±¨Ì ¶µ¤Ìµ¤ Ì ¸ ³¥§µ´-
´Ò³¨ ¶µ¶· ¢± ³¨, ¢ Ëµ·³ ²¨§³¥ �¥É¥Å
‘µ²¶¨É¥·  ³µ£ÊÉ ¡ÒÉÓ ¢µ¸¶·µ¨§¢¥¤¥´Ò
¢ ·¥²ÖÉ¨¢¨¸É¸±µ³ ¨³¶Ê²Ó¸´µ³ ¶·¨¡²¨-
¦¥´¨¨. ’ ±¨³ µ¡· §µ³, ³¥§µ´´Ò¥ ¶µ-
¶· ¢±¨ ±¢ §¨¶µÉ¥´Í¨ ²Ó´ÒÌ ¶µ¤Ìµ¤µ¢
³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ± ± ¶ · ³¥É·¨§ -
Í¨Õ ÔËË¥±Éµ¢ ¢´¥³ ¸¸µ¢µ¸É¨, ´ ¨¡µ²¥¥
¸ÊÐ¥¸É¢¥´´Ò³ ¨§ ±µÉµ·ÒÌ Ö¢²Ö¥É¸Ö ´¥-
µ¤´µ¢·¥³¥´´µ¸ÉÓ ´Ê±²µ´µ¢ ¢ Ö¤·¥.

5. ‘’�“Š’“��›… ”“�Š–ˆˆ ‹…ƒŠˆ• Ÿ„…�

� §¢¨ÉÒ° ¢ÒÏ¥ ¶µ¤Ìµ¤ Í¥²¥¸µµ¡· §´µ ¶·¨³¥´¨ÉÓ ¤²Ö · ¸¸³µÉ·¥´¨Ö Ô¢µ-
²ÕÍ¨¨ ´Ê±²µ´´µ° ¸É·Ê±ÉÊ·Ò ± ± ËÊ´±Í¨¨  Éµ³´µ£µ Î¨¸²  A ¤²Ö ²¥£Î °Ï¨Ì
Ö¤¥· D, 3H, 3He ¨ 4He.

‘É·µ£µ £µ¢µ·Ö, …Œ‘-ÔËË¥±É, ¨´É¥·¶·¥É¨·Ê¥³Ò° ¡µ²ÓÏ¨´¸É¢µ³  ¢Éµ·µ¢
± ± Ê³¥´ÓÏ¥´¨¥ ¢¥²¨Î¨´Ò ‘” ¸¢µ¡µ¤´µ£µ ´Ê±²µ´  ¢ Ö¤·¥ ¦¥²¥§  ¢ µ¡² ¸É¨
0, 3 < x < 0, 7, ¸±µ·¥¥ µÉ· ¦ ¥É · §²¨Î¨Ö ¢ ¸É·Ê±ÉÊ·¥ Ö¤¥· ¤¥°É¥·¨Ö ¨ £¥-
²¨Ö. „¥°¸É¢¨É¥²Ó´µ, ¥¸²¨ µ£· ´¨Î¨ÉÓ¸Ö µ¡² ¸ÉÓÕ 10−3 < x < 0, 7, ´¥É·Ê¤´µ
Ê¡¥¤¨ÉÓ¸Ö, ÎÉµ Ëµ·³  µÉ´µÏ¥´¨Ö r(x)= F

4He
2 /FD

2 ¶µ¢Éµ·Ö¥É¸Ö ¢ ¡µ²¥¥ ÉÖ¦¥-
²ÒÌ Ö¤· Ì. “´¨¢¥·¸ ²Ó´µ¸ÉÓ x-§ ¢¨¸¨³µ¸É¨ ³µ¤¨Ë¨± Í¨¨ ¸É·Ê±ÉÊ·Ò ´Ê±²µ´ 
¢ Ö¤· Ì ¸ ³ ¸¸µ° A ≥ 4 Ê¸É ´µ¢²¥´  ¢ · ¡µÉ Ì [28, 29], ¢ ±µÉµ·ÒÌ ¶·µ-
¢¥¤e´  ´ ²¨§ ³¨·µ¢ÒÌ ¤ ´´ÒÌ ¶µ £²Ê¡µ±µ´¥Ê¶·Ê£µ³Ê · ¸¸¥Ö´¨Õ Ô²¥±É·µ´µ¢
¨ ³Õµ´µ¢ ´  Ö¤· Ì. �Î¥¢¨¤´µ, ÎÉµ ÔÉµÉ ·¥§Ê²ÓÉ É ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ Ö¢²¥-
´¨¨ ´ ¸ÒÐ¥´¨Ö Ê¦¥ ¢ Ö¤·¥ £¥²¨Ö ³µ¤¨Ë¨± Í¨¨ ¸É·Ê±ÉÊ·´µ° ËÊ´±Í¨¨ F2(x),
¶·µÖ¢²ÖÕÐ¥°¸Ö ¢ ¢¨¤¥ ´¥±µÉµ·µ° µ¸Í¨²²ÖÍ¨¨ ¢¥²¨Î¨´Ò rA(x) µÉ´µ¸¨É¥²Ó´µ
µ¸¨ rA(x) = 1. �¢µ²ÕÍ¨Ö ³µ¤¨Ë¨± Í¨° µÉ A = 4 ¤µ A ∼ 200 ¶·µÖ¢²Ö¥É¸Ö
± ± ·µ¸É  ³¶²¨ÉÊ¤Ò µ¸Í¨²²ÖÍ¨° aEMC = 1 Ä rAmin ´  Ë ±Éµ· ∼ 3 ¨ Ìµ·µÏµ
µ¶¨¸Ò¢ ¥É¸Ö ± ± ÔËË¥±É Ô¢µ²ÕÍ¨¨ Ö¤¥·´µ° ¶²µÉ´µ¸É¨.

� ¨¡µ²¥¥ ´ £²Ö¤´µ ¶·¥±· Ð¥´¨¥ ³µ¤¨Ë¨± Í¨¨ F2(x) ¶·¨ A > 4 ¤¥³µ´-
¸É·¨·Ê¥É¸Ö ´¥¨§³¥´´µ¸ÉÓÕ Ëµ·³Ò rA(x), § Ë¨±¸¨·µ¢ ´´µ° ¶µ²µ¦¥´¨¥³ É·¥Ì
ÉµÎ¥± x1 = 0,0615, x2 = 0,287 ¨ x3 = 0,84, ¢ ±µÉµ·ÒÌ rA(x) = 1 ´¥§ ¢¨¸¨³µ
µÉ A [30]. „ ´´Ò¥, ¢±²ÕÎ¥´´Ò¥ ¢  ´ ²¨§ [30], µÉ´µ¸ÖÉ¸Ö ± ¶µ¸²¥¤´¥³Ê ¶µ-
±µ²¥´¨Õ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ · ¡µÉ ¶µ ¨§³¥·¥´¨Õ rA(x),   É ±¦¥ ÔËË¥±É 
³µ¤¨Ë¨± Í¨¨ ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨° FA2 (x) ¶µ µÉ´µÏ¥´¨Õ ± ¸É·Ê±ÉÊ·´µ°
ËÊ´±Í¨¨ FC

2 (x), ¨§³¥·¥´´µ° ´  Ê£²¥·µ¤´µ° ³¨Ï¥´¨ [91]. �¥§Ê²ÓÉ ÉÒ ¨§³¥-
·¥´¨° Ì · ±É¥·¨§ÊÕÉ¸Ö ± ± ¢Ò¸µ±µ° ¸É É¨¸É¨Î¥¸±µ° ÉµÎ´µ¸ÉÓÕ, É ± ¨ ¡µ²Ó-
Ïµ° ´ ¤¥¦´µ¸ÉÓÕ, ÎÉµ ¶µ§¢µ²Ö¥É £µ· §¤µ µ¶·¥¤¥²¥´´¥¥ ¢Ò¸± § ÉÓ¸Ö µ ¸É¥¶¥´¨
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¨Ì ´¥¸µ£² ¸¨Ö ¸ ³µ¤¥²Ö³¨ …Œ‘-ÔËË¥±É . Š²ÕÎ¥¢Ò³ ³µ³¥´Éµ³ ¤²Ö ¶µ´¨³ -
´¨Ö ¶·¨Î¨´ É ±µ£µ ¶²µÌµ£µ µ¶¨¸ ´¨Ö Ö¢²Ö¥É¸Ö ´ ²¨Î¨¥ ¤¢ÊÌ ÔËË¥±Éµ¢,   ´¥
µ¤´µ£µ, ± ± ¡Ò²µ ¶·¨´ÖÉµ ¸Î¨É ÉÓ. �¥·¢Ò° ¸µ¸Éµ¨É ¢ ¶¥·¥¸É·µ°±¥ ¶ ·Éµ´-
´ÒÌ · ¸¶·¥¤¥²¥´¨° ´Ê±²µ´  ¢ ¶µ²¥ Ö¤¥·´ÒÌ ¸¨², µ¡· §µ¢ ´´µ³ ¤¢ÊÌ-, É·¥Ì-
¨ Î¥ÉÒ·¥Ì´Ê±²µ´´µ° ¸¢Ö§ ´´µ° ¸¨¸É¥³µ°. ‚Éµ·µ° ÔËË¥±É ¶·µÖ¢²Ö¥É¸Ö ¢ ¸µ-
Ì· ´¥´¨¨ Ëµ·³Ò ³µ¤¨Ë¨± Í¨¨ ¶ ·Éµ´´ÒÌ · ¸¶·¥¤¥²¥´¨° ¢ ÉÖ¦¥²ÒÌ Ö¤· Ì
¢ ´¥¨§³¥´´µ³ ¢¨¤¥. ‘ ´ Ï¥° ÉµÎ±¨ §·¥´¨Ö, µ¡  ÔËË¥±É  ¨³¥ÕÉ ËÊ´¤ ³¥´-
É ²Ó´µ¥ §´ Î¥´¨¥ ¤²Ö ¸É·Ê±ÉÊ·Ò ´Ê±²µ´ ,   ¨Ì ¶µ´¨³ ´¨¥ ´¥¢µ§³µ¦´µ ¡¥§
É¥µ·¥É¨Î¥¸±¨Ì ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨¸¸²¥¤µ¢ ´¨° ¸²¥¤ÊÕÐ¥° Í¥¶µÎ±¨ ³µ-
¤¨Ë¨± Í¨°: rD(x)→ rA=3(x)→ rA=4(x).

�¨¸. 5. �É´µÏ¥´¨¥ ¸É·Ê±ÉÊ·´µ° ËÊ´±-
Í¨¨ Ö¤·  FA2 (x) ± ¸É·Ê±ÉÊ·´µ° ËÊ´±-
Í¨¨ ¤¥°É·µ´  FD

2 (x). „ ´´Ò¥ ¤²Ö
¦¥²¥§  ¢§ÖÉÒ ¨§ · ¡µÉ [55] (Î¥·´Ò¥
±·Ê¦±¨) ¨ [92] (¸¢¥É²Ò¥ ±·Ê¦±¨).
’ ±¦¥ ¶·¥¤¸É ¢²¥´   ¶¶·µ±¸¨³ Í¨Ö
ÔÉ¨Ì ¤ ´´ÒÌ ¢ ¢¨¤¥ ¸¶²µÏ´µ° ²¨´¨¨.
�¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨Ö ¤²Ö 4He/D, ¶µ-
²ÊÎ¥´´Ò¥ ¢ [55], ¶µ± § ´Ò ¢ ¢¨¤¥ ¶ -
· ³¥É·¨§ Í¨¨ (¶Ê´±É¨·´ Ö ²¨´¨Ö)

�¸µ¡¥´´µ¸ÉÓ µ¡² ¸É¨ ²¥£Î °Ï¨Ì
Ö¤¥· ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ÉµÎ´µ¸ÉÓ ¨§³¥·¥-
´¨° ¤²Ö A = 4 ´¥¢Ò¸µ±  ¶·¨ x > 0, 7,  
¤²Ö A < 4 ¤ ´´ÒÌ µ ³µ¤¨Ë¨± Í¨¨ ¸É·Ê±-
ÉÊ·Ò ´Ê±²µ´  ´¥É ¢µ¢¸¥. ‚ Éµ ¦¥ ¸ ³µ¥
¢·¥³Ö, ´¥¨§³¥´´µ¸ÉÓ Ëµ·³Ò µÉ´µÏ¥´¨°
rA(x) ¤²Ö A > 4 µ¸É ¢²Ö¥É ´ ³ Éµ²Ó±µ
¤¢¥ ¢µ§³µ¦´µ¸É¨ ¤²Ö µ¡ÑÖ¸´¥´¨Ö ÔÉµ£µ
Ö¢²¥´¨Ö: ³µ¤¨Ë¨± Í¨Ö ¶ ·Éµ´´ÒÌ · ¸-
¶·¥¤¥²¥´¨° ¢ ÉÖ¦¥²ÒÌ Ö¤· Ì ¨¤¥´É¨Î´ 
²¨¡µ ³µ¤¨Ë¨± Í¨¨ ¶·¨ A = 3, ²¨¡µ
¶·¨ A = 4. Š ± ¶µ± § ´µ ¢ [30], ´¥-
µ¶·¥¤¥²¥´´µ¸ÉÓ ¢ ¶µ²µ¦¥´¨¨ ÉµÎ±¨ x3,
´ °¤¥´´µ° ¨§ ¤ ´´ÒÌ ¶·¨ A > 4, ¸µ-
¸É ¢²Ö¥É 0,01, ÎÉµ ¶µ§¢µ²Ö¥É ¨¸¶µ²Ó§µ-
¢ ÉÓ ¥¥ ¤²Ö ¢Ò¡µ·  ¢ ¶µ²Ó§Ê µ¤´µ£µ ¨²¨
¤·Ê£µ£µ ¢ ·¨ ´É  Ô¢µ²ÕÍ¨¨. “¦¥ ¸¥°Î ¸
¨³¥ÕÉ¸Ö µ¸´µ¢ ´¨Ö ¸Î¨É ÉÓ, ÎÉµ ¶ ·Éµ´-
´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¤²Ö A = 4 ¨³¥ÕÉ x-
§ ¢¨¸¨³µ¸ÉÓ, ¸ÊÐ¥¸É¢¥´´µ µÉ²¨Î ÕÐÊ-
Õ¸Ö µÉ § ¢¨¸¨³µ¸É¨, Ì · ±É¥·´µ° ¤²Ö
ÉÖ¦¥²ÒÌ Ö¤¥·. �Éµ ÊÉ¢¥·¦¤¥´¨¥ ¸²¥-
¤Ê¥É ¨§ µÎ¥¢¨¤´µ£µ ´¥¸µ¢¶ ¤¥´¨Ö ±µµ·-
¤¨´ É x3, ¶µ²ÊÎ¥´´ÒÌ  ¶¶·µ±¸¨³ Í¨¥°
¤ ´´ÒÌ ¤²Ö Ö¤¥· 4He ¨ Fe, ¶µ± § ´´ÒÌ
´  ·¨¸. 5.

�¨¦¥ ³Ò · ¸¸³µÉ·¨³ ¢Ò¢µ¤ µÉ´µ-
¸¨É¥²Ó´ÒÌ ¨§³¥´¥´¨° ‘” FA2 (x) ¶µ µÉ-
´µÏ¥´¨Õ ± ‘” ¨§µ¸± ²Ö·´µ£µ ´Ê±²µ´ 
FN

2 (x) = 1
2 (F p

2 (x) + F n
2 (x)), £¤¥ p ¨ n µ¡µ§´ Î ÕÉ ¸¢µ¡µ¤´Ò° ¶·µÉµ´ ¨ ¸¢µ-

¡µ¤´Ò° ´¥°É·µ´. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¸· ¢´¥´¨¥ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´-
´Ò³¨ ³µ¦¥É ¡ÒÉÓ µ¸ÊÐ¥¸É¢²¥´µ Éµ²Ó±µ ¤²Ö µÉ´µÏ¥´¨° ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨°
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Ö¤·  A ¨ ¤¥°É·µ´ . �É¨³ µ¡ÑÖ¸´Ö¥É¸Ö ´¥µ¡Ìµ¤¨³µ¸ÉÓ ¶·¥¤¸É ¢²¥´¨Ö ·¥§Ê²Ó-
É Éµ¢ · ¸Î¥Éµ¢ ± ± ¢ ¢¨¤¥ µÉ´µÏ¥´¨° A/N, É ± ¨ ¢ ¢¨¤¥ A/D. �µ¸±µ²Ó±Ê
¶·¨ · ¸¸³ É·¨¢ ¥³ÒÌ §´ Î¥´¨ÖÌ x (0,3 < x < 0,9) Ô±¸¶¥·¨³¥´ÉÒ (¸³. [55]
¨ µ¡§µ·Ò [8, 9]) ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ µ ´¥§ ¢¨¸¨³µ¸É¨ rA(x) µÉ ¶¥·¥¤ ´´µ£µ 4-
¨³¶Ê²Ó¸  Q2, · ¸Î¥ÉÒ ¡Ê¤ÊÉ ¢Ò¶µ²´¥´Ò ¢ ¡Ó¥·±¥´µ¢¸±µ³ ¶·¥¤¥²¥.

5.1. �¡µ¡Ð¥´¨¥ Ëµ·³ ²¨§³  ¤²Ö ²¥£±¨Ì Ö¤¥·. � ¸¸³µÉ·¨³ µ¡µ¡Ð¥´¨¥
· §¢¨Éµ£µ ¢ · §¤. 4 ¶µ¤Ìµ¤  ¤²Ö  ´ ²¨§  ƒ�� ´  ²¥£±¨Ì Ö¤· Ì A = 3, 4.

�³¶²¨ÉÊ¤  ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ¢¶¥·¥¤ TAµν µ¶·¥¤¥²¥´  ± ± ¸·¥¤´¥¥
¶µ Ö¤¥·´Ò³ ¸µ¸ÉµÖ´¨Ö³ |A〉 µÉ T-¶·µ¨§¢¥¤¥´¨Ö Ô²¥±É·µ³ £´¨É´ÒÌ Éµ±µ¢:

TAµν(P, q) = i

∫
d4xeiqx〈A|T (Jµ (x)Jν (0)) |A〉. (78)

‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¢Ò· ¦¥´¨¥³ (33) TAµν(P, q) ³µ¦¥É ¡ÒÉÓ ¶¥·¥¶¨¸ ´  ¢ É¥·³¨-
´ Ì ·¥Ï¥´¨° Ê· ¢´¥´¨Ö �¥É¥Å‘µ²¶¨É¥·  ¤²Ö Ö¤·  ΓA(P, k) ¨ n-´Ê±²µ´´ÒÌ
ËÊ´±Í¨° ƒ·¨´  G2(n+1)µν

:

TAµν(P, q) =

∫
d4k1

(2π)4
. . .

d4kn−1

(2π)4
d4k′1
(2π)4

. . .
d4k′n−1

(2π)4
Γ
A
(P, k1 . . . kn−1)×

×S(n)(P, k1 . . . kn−1)G2(n+1)µν
(q;P, k1 . . . kn−1, k

′
1 . . . k

′
n−1)×

×S(n)(P, k
′
1 . . . k

′
n−1)Γ

A(P, k′1 . . . k
′
n−1), (79)

£¤¥ ki Å µÉ´µ¸¨É¥²Ó´Ò¥ ¨³¶Ê²Ó¸Ò ´Ê±²µ´µ¢ ¢ Ö¤·¥,   P Å ¶µ²´Ò° ¨³¶Ê²Ó¸
Ö¤· . ”Ê´±Í¨Ö G2n Å Ê¸¥Î¥´´ Ö ´¥¶·¨¢µ¤¨³ Ö n-´Ê±²µ´´ Ö ËÊ´±Í¨Ö ƒ·¨´ ,
µ¶·¥¤¥²¥´´ Ö ¸ ¶µ³µÐÓÕ Ê· ¢´¥´¨Ö (40).

�´ ²µ£¨Î´µ ¤¢ÊÌ´Ê±²µ´´µ³Ê ¸²ÊÎ Õ ³µ¦´µ ¶µ± § ÉÓ, ÎÉµ ¢±² ¤ ¢¸¥Ì ´¥-
¶·¨¢µ¤¨³ÒÌ ¶µ¶· ¢µ± ´  ¢§ ¨³µ¤¥°¸É¢¨¥ ¶µ¤ ¢²¥´ ± ± ¤µ¶µ²´¨É¥²Ó´ Ö ¸É¥-
¶¥´Ó 1/(Q2)l, l ≥ 2 [42]. �Éµ ¶µ§¢µ²Ö¥É µ£· ´¨Î¨ÉÓ¸Ö ÊÎ¥Éµ³ Éµ²Ó±µ Î²¥´ 
´Ê²¥¢µ£µ ¶µ·Ö¤±  ¶µ G2(n+1)µν

:

TAµν(P, q) =

∫
d4k1

(2π)4
. . .

d4kn−1

(2π)4
Γ
A
(P, k1 . . . kn−1)S2n(P, k1 . . . kn−1)×

×G(0)
2(n+1)µν

(q;P, k1 . . . kn−1)S2n(P, k1 . . . kn−1)Γ
A(P, k1 . . . kn−1), (80)

£¤¥ ËÊ´±Í¨Ö ƒ·¨´  G(0)
2(n+1)µν

µ¶·¥¤¥²¥´  Î¥·¥§ Ê¸¥Î¥´´ÊÕ  ³¶²¨ÉÊ¤Ê ±µ³¶-

Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ´  ´Ê±²µ´¥ G4µν(q, ki):

G(0)
2(n+1)µν

(q, P, k1 . . . kn−1) =

=
∑
i

G4µν(q, ki)⊗ S−1
(n−1)(k1, . . . ki−1, ki+1, . . . kn−1) . (81)
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�µ¤¸É ¢²ÖÖ ÔÉµ ¢Ò· ¦¥´¨¥ ¢ Ê· ¢´¥´¨¥ (80), ¶µ²ÊÎ ¥³  ³¶²¨ÉÊ¤Ê ±µ³¶Éµ´µ¢-
¸±µ£µ · ¸¸¥Ö´¨Ö ´  Ö¤·¥ ¢ É¥·³¨´ Ì ´Ê±²µ´´ÒÌ  ³¶²¨ÉÊ¤:

TAµν(P, q) =

∫
d4k1

(2π)4
. . .

d4kn−1

(2π)4
Γ
A
(P, k1 . . . kn−1)×

×
∑
i

(S(P, ki)G4µν(q;P, ki)S(P, ki))⊗

⊗S2n−1(P, k1, . . . ki−1, ki+1, . . . kn−1)Γ
A(P, k1 . . . kn−1). (82)

‚ ¶·¨´Í¨¶¥, ¤ ²Ó´¥°Ï¨¥ ¢Ò±² ¤±¨ ³µ¦´µ ¡Ò²µ ¡Ò ¶·µ¢¥¸É¨ ¶µ ¶µ²´µ°  ´ -
²µ£¨¨ ¸ ¶·µÍ¥¤Ê·µ°, · §¢¨Éµ° ¤²Ö ¤¥°É·µ´ ,   ¨³¥´´µ ¢Ò¤¥²¨ÉÓ  ³¶²¨ÉÊ¤Ê
±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ´  ´Ê±²µ´¥ ¨ ¶·µ¨´É¥£·¨·µ¢ ÉÓ ¶µ ´Ê²¥¢µ° ±µ³-
¶µ´¥´É¥ µÉ´µ¸¨É¥²Ó´µ£µ ¨³¶Ê²Ó¸  ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ´Ê±²µ´ . �¤´ ±µ ¢ µÉ²¨-
Î¨¥ µÉ ¤¢ÊÌ´Ê±²µ´´µ£µ ¸²ÊÎ Ö ¢¥·Ï¨´´ Ö ËÊ´±Í¨Ö ¢ Ê· ¢´¥´¨¨ (82) ¸µ¤¥·¦¨É
¶µ²Õ¸  ´Ê±²µ´-´Ê±²µ´´ÒÌ ¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨°, ²¥¦ Ð¨¥ ¢ µ¡² ¸É¨ ³ ²ÒÌ
µÉ´µ¸¨É¥²Ó´ÒÌ ¨³¶Ê²Ó¸µ¢. ˆ³¥Ö ÉµÎ´µ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (49), ³µ¦´µ ¡Ò²µ
¡Ò ÊÎ¥¸ÉÓ ÔÉ¨ ¸¨´£Ê²Ö·´µ¸É¨ ¨ ¢Ò· §¨ÉÓ ±µ³¶Éµ´µ¢¸±ÊÕ  ³¶²¨ÉÊ¤Ê Ö¤·  Î¥-
·¥§ ´Ê±²µ´´ÊÕ. �¥ ²¨§ Í¨Ö É ±µ£µ ¶µ¤Ìµ¤  ´¥¢µ§³µ¦´  ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö,
¶µ¸±µ²Ó±Ê ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (49) ¶·¨ n ≥ 3 ´¥ ´ °¤¥´µ.

‚µ¸¶µ²Ó§Ê¥³¸Ö ¤·Ê£¨³ ¸¶µ¸µ¡µ³ ¢Ò¤¥²¨ÉÓ ÔÉ¨ ¸¨´£Ê²Ö·´µ¸É¨,   ¨³¥´´µ
¢¢¥¤¥³ ®§ É· ¢µÎ´ÊÕ¯ ¢¥·Ï¨´Ê �¥É¥Å‘µ²¶¨É¥·  GA, ±µÉµ· Ö ·¥£Ê²Ö·´  ¶µ
µÉ´µ¸¨É¥²Ó´µ³Ê ¨³¶Ê²Ó¸Ê:

ΓA(P, k1, . . . kn−1) = −
∫

d4k′1
(2π)4

. . .
d4k′n−1

(2π)4
g2n(P, k1, . . . kn−1; k

′
1, . . . k

′
n−1)×

×GA(P, k′1, . . . k
′
n−1).

‚¸¥ ¸¨´£Ê²Ö·´µ¸É¨, ¶·¨¸ÊÐ¨¥ ¢¥·Ï¨´¥ ΓA(P, k1, . . . kn−1), µ¶·¥¤¥²ÖÕÉ¸Ö É¥-
¶¥·Ó  ´ ²¨É¨Î¥¸±¨³¨ ¸¢µ°¸É¢ ³¨ ·¥£Ê²Ö·´µ° ¶µ²´µ³Ê ¨³¶Ê²Ó¸Ê ¶·¨ P 2 =
= M2

A Î ¸É¨ n-´Ê±²µ´´µ° ËÊ´±Í¨¨ ƒ·¨´ :

g2n(P, k1, . . . kn−1; k
′
1, . . . k

′
n−1) =

=

n∑
m=2

G2m(P, k1, . . . km−1; k
′
1, . . . k

′
m−1)⊗

⊗S(n−m)(P, k1, . . . km−n−1; k
′
1, . . . k

′
m−n−1).

� ¶·¨³¥·, ¢ ¸²ÊÎ ¥ 3He ³Ò ¨³¥¥³ ¶µ²Õ¸ ¢ G4, ¸¢Ö§ ´´Ò° ¸ ¤¥°É·µ´µ³,
¨ ´Ê±²µ´-´Ê±²µ´´Ò° ´¥¶·¥·Ò¢´Ò° ¸¶¥±É· g4:

G4

(
2P

3
+ k, k1, k

′
1

)
=
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=
ΓD(2P

3 + k, k1)Γ
D
(2P

3 + k, k′1)(
2P
3 + k

)2 −M2
D

+ g4

(
2P

3
+ k, k1, k

′
1

)
. (83)

„²Ö 4He ¨³¥ÕÉ¸Ö ¤µ¶µ²´¨É¥²Ó´Ò¥ ¶µ²Õ¸ , ¸¢Ö§ ´´Ò¥ ¸ 3He- ¨ 3H-¶µ²Õ¸ ³¨.
� ¶·¨³¥·, ¤²Ö ´¥°É·µ´-¶·µÉµ´-¶·µÉµ´´µ° ËÊ´±Í¨¨ ƒ·¨´  ¨³¥¥É¸Ö 3He-¶µ²Õ¸
¨ É·¥Ì´Ê±²µ´´Ò° ´¥¶·¥·Ò¢´Ò° ¸¶¥±É· g6:

G6

(
3P

4
+ k, k1, k

′
1, k2, k

′
2

)
=

=
Γ

3He(3P
4 + k, k1, k2)Γ

3He
(3P

4 + k, k′1, k
′
2)(

3P
4 + k

)2 −M2
3He

+ g6

(
3P

4
+ k, k1, k

′
1, k2, k

′
2

)
.

�µ¤¸É ¢²ÖÖ (83) ¢ ¢Ò· ¦¥´¨¥ (82), ¶µ²ÊÎ ¥³, ´ ¶·¨³¥·, ¤²Ö 3He

T
3He
µν (P, q) =

∫
d4k

(2π)4
d4k′

(2π)4
d4K

(2π)4
G

3He
(P,K, k)

[∫
d4k1

(2π)4
×

×G4

(
2P

3
+K, k, k1

)
S

(
P

3
+
K

2
+ k1

)
G4µν

(
q;
P

3
+
K

2
+ k1

)
×

×S
(
P

3
+
K

2
+ k1

)
⊗ S

(
P

3
+
K

2
− k1

)
G4

(
2P

3
+K, k1, k

′
)]
⊗

⊗S
(
P

3
−K

)
G3He(P,K, k′) + G

3He
(P,K, k)×

×
[∫

d4k1

(2π)4
G4

(
2P

3
+K, k, k1

)
S

(
P

3
+
K

2
+ k1

)
⊗ S

(
P

3
+
K

2
− k1

)
×

×G4

(
2P

3
+K, k1, k

′
)]
⊗ S

(
P

3
−K

)
G4µν

(
q;
P

3
−K

)
×

×S
(
P

3
−K

)
G3He(P,K, k′),

¨, ÊÎ¨ÉÒ¢ Ö  ´ ²¨É¨Î¥¸±¨¥ ¸¢µ°¸É¢  É·¥Ì´Ê±²µ´´µ° ËÊ´±Í¨¨ ƒ·¨´  (83), ¶µ-
²ÊÎ ¥³

T
3He
µν (P, q) =

∫
d4k

(2π)4
d4k′

(2π)4
d4K

(2π)4
G

3He
(P,K, k)×

×
[∫

d4k1

(2π)4
ΓD(2P

3 +K, k)Γ
D
(2P

3 +K, k1)(
2P
3 +K

)2 −M2
D

S

(
P

3
+
K

2
+ k1

)
×

×G4µν

(
q;
P

3
+
K

2
+ k1

)
S

(
P

3
+
K

2
+ k1

)
⊗ S

(
P

3
+
K

2
− k1

)
×
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×
ΓD(2P

3 +K, k1)Γ
D
(2P

3 +K, k′)(
2P
3 +K

)2 −M2
D

]
⊗ S

(
P

3
−K

)
G

3He(P,K, k′)+

+G
3He

(P,K, k)

[∫
d4k1

(2π)4
G4

(
2P

3
+K, k, k1

)
S

(
P

3
+
K

2
+ k1

)
⊗

⊗S
(
P

3
+
K

2
− k1

)
×G4

(
2P

3
+K, k1, k

′
)]
⊗
u
(

P
3 −K

)
u
(

P
3 −K

)(
P
3 −K

)2 −m2
×

×G4µν

(
q;
P

3
−K

)
u
(

P
3 −K

)
u
(

P
3 −K

)(
P
3 −K

)2 −m2
G

3He(P,K, k′). (84)

‚µ§¢· Ð Ö¸Ó ± ¢Ò· ¦¥´¨Õ ¤²Ö  ³¶²¨ÉÊ¤Ò ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ´ 
¤¥°É·µ´¥ (79), § ³¥Î ¥³, ÎÉµ ±µ´¸É·Ê±Í¨Ö∫

d4k1

(2π)4
Γ

D
(

2P

3
+K, k1

)
S

(
P

3
+
K

2
+ k1

)
G4µν

(
q;
P

3
+
K

2
+ k1

)
×

×S
(
P

3
+
K

2
+ k1

)
⊗ S

(
P

3
+
K

2
− k1

)
ΓD

(
2P

3
+K, k1

)
, (85)

¸µ¤¥·¦ Ð Ö¸Ö ¢ ¶¥·¢µ³ Î²¥´¥ ¢Ò· ¦¥´¨Ö (84), ¢ ÉµÎ´µ¸É¨ ¸µ¢¶ ¤ ¥É ¸ ÔÉµ°
 ³¶²¨ÉÊ¤µ°, ´µ ¸µ¤¥·¦¨É  ·£Ê³¥´É ¢´¥ ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨. ‚µ ¢Éµ·µ³
Î²¥´¥ ¢Ò· ¦¥´¨Ö (84) ³µ¦´µ ¢Ò¤¥²¨ÉÓ  ³¶²¨ÉÊ¤Ê ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö
´  ´Ê±²µ´¥:

T Ñ
µν

(
P

3
−K, q

)
= u

(
P

3
−K

)
G4µν

(
q;
P

3
−K

)
u

(
P

3
−K

)
. (86)

’ ±¨³ µ¡· §µ³,  ³¶²¨ÉÊ¤  ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ´  3He ¢Ò· ¦ ¥É¸Ö Î¥-
·¥§  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö ´  ¢´¥³ ¸¸µ¢µ³ ¤¥°É·µ´¥ ¨ ´Ê±²µ´¥. ‚µ¸¶µ²Ó§µ¢ ¢-
Ï¨¸Ó ¸µµÉ´µÏ¥´¨¥³ Ê´¨É ·´µ¸É¨ (5), ¶µ²ÊÎ¨³ ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥
¤²Ö  ¤·µ´´µ£µ É¥´§µ· :

W
3He
µν (P, q) =

∫
d4k

(2π)4
d4k′

(2π)4
d4K

(2π)4
WD
µν(

2P

3
+K, q)×

×G
3He

(P,K, k)
ΓD(2P

3 +K, k)Γ
D
(2P

3 +K, k′)((
2P
3 +K

)2 −M2
D

)2 ⊗S
(
P

3
−K

)
G3He(P,K, k′)+

+G
3He

(P,K, k)

[∫
d4k1

(2π)4
G4

(
2P

3
+K, k, k1

)
S

(
P

3
+
K

2
+ k1

)
⊗

⊗S
(
P

3
+
K

2
− k1

)
×G4

(
2P

3
+K, k1, k

′
)]
⊗ S

(
P

3
−K

)
×



1378 �“��‚ B.B., Œ�‹�—Š�‚ A.B., ‘Œˆ���‚ ƒ.ˆ.

×G
3He(P,K, k′)

WN
µν

(
P
3 −K

)(
P
3 −K

)2 −m2
.

�·¥¤¶µ² £ Ö, ÎÉµ µÉ´µ¸¨É¥²Ó´ Ö Ô´¥·£¨Ö Ë· £³¥´Éµ¢ ³ ² , ³Ò ³µ¦¥³ ¶·µ-
¨´É¥£·¨·µ¢ ÉÓ ¶µ ´Ê²¥¢µ° ±µ³¶µ´¥´É¥ µÉ´µ¸¨É¥²Ó´µ£µ ¨³¶Ê²Ó¸  Ë· £³¥´Éµ¢
¨ ¶µ²ÊÎ¨ÉÓ  ¤·µ´´Ò° É¥´§µ· ¤²Ö 3He, ¢Ò· ¦¥´´Ò° Î¥·¥§  ¤·µ´´Ò¥ É¥´§µ·Ò
ÔÉ¨Ì Ë· £³¥´Éµ¢ ´  ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨. �´ ²µ£¨Î´Ò³ µ¡· §µ³ ³µ¦´µ ¶µ-
²ÊÎ¨ÉÓ  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö ´  3H ¨ 4He.

5.2. ‘É·Ê±ÉÊ·´Ò¥ ËÊ´±Í¨¨ Ö¤¥· ¤²Ö A = 3, 4. ‚µ¸¶µ²Ó§Ê¥³¸Ö É¥¶¥·Ó
¶µ²ÊÎ¥´´Ò³ ¢ ¶.5.1 ·¥§Ê²ÓÉ Éµ³, ¤²Ö Éµ£µ ÎÉµ¡Ò · ¸¸Î¨É ÉÓ ‘” Ö¤¥· 3H,
3He ¨ 4He.

�µ¤¥°¸É¢µ¢ ¢ ¶·µ¥±Í¨µ´´Ò³ µ¶¥· Éµ·µ³ gµν ´   ¤·µ´´Ò° É¥´§µ·, ¢¢¥¤¥³
¶¥·¥³¥´´Ò¥

xA =
Q2

2PA · q
,

xN =
Q2

2PN · q
¨ ¢Ò¤¥²¨³ ‘” Ö¤·  ¢ ¡Ó¥·±¥´µ¢¸±µ³ ¶·¥¤¥²¥:

lim
Q2→∞

gµνWN(A)
µν (P, q) = − 1

x
F

N(A)
2 (x) .

’ ±¨³ µ¡· §µ³, ¶µ²ÊÎ ¥³ FA2 ¤²Ö 3He ¨ 3H ¢ ¢¨¤¥

F
3He
2 (x3He) =

∫
d3k

(2π)3

[
Ep − k3

Ep
F p

2 (xp) +
ED − k3

ED
FD

2 (xD)+

+
∆

3He
p

Ep
xp
dF p

2 (xp)

dxp
+

∆
3He
p

ED
xD

dFD
2 (xD)

dxD

]
Φ3He

2(k), (87)

F
3H
2 (x3H) =

∫
d3k

(2π)3

[
En − k3

En
F n

2 (xn) +
ED − k3

ED
FD

2 (xD)+

+
∆

3H
n

En
xn
dF n

2 (xn)

dxn
+

∆
3H
n

ED
xD

dFD
2 (xD)

dxD

]
Φ3H

2(k) (88)

¨ ¤²Ö 4He ¢ ¢¨¤¥

F
4He
2 (x4He) =

∫
d3k

(2π)3

[
Ep − k3

Ep
F p

2 (xp) +
E3H − k3

E3H
F

3H
2 (x3H)+

+
∆

4He
p

Ep
xp
dF p

2 (xp)

dxp
+

∆
4He
p

E3H
x3H

dF
3H
2 (x3H)

dx3H
+
En − k3

En
F n

2 (xn) +
E3He − k3

E3He
×
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×F 3He
2 (x3He) +

∆
4He
n

En
xn
dF n

2 (xn)

dxn
+

∆
4He
n

E3He
x3He

dF
3He
2 (x3He)

dx3He

]
Φ4He

2(k),

(89)
£¤¥ ∆A

N = −MA + EN + EA−1 Å Ô´¥·£¨Ö ¸¢Ö§¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ Ö¤¥·´µ£µ
Ë· £³¥´É .

’·¥Ì³¥·´µ¥ ¨³¶Ê²Ó¸´µ¥ · ¸¶·¥¤¥²¥´¨¥ ΦA
2(k) µ¶·¥¤¥²¥´µ Î¥·¥§ ®§ É· -

¢µÎ´ÊÕ¯ ¢¥·Ï¨´Ê �¥É¥Å‘µ²¶¨É¥· . � ¶·¨³¥·, ¤²Ö 3He ³µ¦´µ § ¶¨¸ ÉÓ

Φ3He
2(k) =

mMD

4EpEDM3He(MD − Ep − ED)2

{∫
d4k1

(2π)4
d4k′1
(2π)4

G
3He

(P, k, k1) ×

×S2

(
2P

3
+ k, k1

)
ΓD

(
2P

3
+ k, k1

)
Γ

D
(

2P

3
+ k, k′1

)
S2

(
2P

3
+ k, k′1

)
⊗

⊗
(∑

s

usα(k)usδ(k)

)
G3He(P, k, k′1)

}
k0=k0p

, (90)

£¤¥ k0p =
M3H

3 − Ep.
�µ¸±µ²Ó±Ê ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ´¥É ·¥ ²¨¸É¨Î´ÒÌ ·¥Ï¥´¨° Ê· ¢´¥´¨Ö

�¥É¥Å‘µ²¶¨É¥·  ¤²Ö ¸¢Ö§ ´´µ° ¸¨¸É¥³Ò É·¥Ì ¨ ¡µ²¥¥ ´Ê±²µ´µ¢, ´¥µ¡Ìµ¤¨³µ
¨¸¶µ²Ó§µ¢ ÉÓ Ë¥´µ³¥´µ²µ£¨Î¥¸±µ¥ ¨³¶Ê²Ó¸´µ¥ · ¸¶·¥¤¥²¥´¨¥. � §Ê³´µ ¶·¥¤-
¶µ²µ¦¨ÉÓ, ÎÉµ ¨³¶Ê²Ó¸´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¢ ¢Ò· ¦¥´¨ÖÌ (87), (88) ¨ (89)
³µ£ÊÉ ¡ÒÉÓ ¸¢Ö§ ´Ò ¸ · ¸¶·¥¤¥²¥´¨Ö³¨, ¨§¢²¥Î¥´´Ò³¨ ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¤ ´´ÒÌ. „²Ö Î¨¸²¥´´ÒÌ · ¸Î¥Éµ¢ ³Ò ¨¸¶µ²Ó§Ê¥³ · ¸¶·¥¤¥²¥´¨Ö, ¶µ²ÊÎ¥´´Ò¥
¢ · ¡µÉ Ì [93] ¨ [94].

�µ²ÊÎ¥´´Ò° ·¥§Ê²ÓÉ É ¤²Ö ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨° ²¥£Î °Ï¨Ì Ö¤¥· ³µ-
¦¥É ¡ÒÉÓ ¸¢Ö§ ´ ¸ ·¥§Ê²ÓÉ Éµ³, ¶µ²ÊÎ¥´´Ò³ ¢ x-·¥¸±¥°²¨´£-³µ¤¥²¨ [10, 11].
� ¸¸³µÉ·¨³ ¤²Ö ¶·¨³¥·  ¸É·Ê±ÉÊ·´ÊÕ ËÊ´±Í¨Õ 3He. …¸²¨ ¢§£²Ö´ÊÉÓ ´  ¶µ-
¤Ò´É¥£· ²Ó´µ¥ ¢Ò· ¦¥´¨¥ ¢ (87) ± ± ´  ¶¥·¢Ò¥ Î²¥´Ò ·Ö¤  · §²µ¦¥´¨Ö ¶µ
Ô´¥·£¨¨ ¸¢Ö§¨ ¨ ÊÎ¥¸ÉÓ, ÎÉµ Î²¥´Ò ¢ÒÏ¥ ¶¥·¢µ£µ ¶µ·Ö¤±  ¶µ ÔÉµ° ¢¥²¨Î¨´¥
¶·¥´¥¡·¥¦¨³µ ³ ²Ò, Éµ ³µ¦´µ ¤µ¡ ¢¨ÉÓ ¢Ò¸Ï¨¥ Î²¥´Ò É ±¨³ µ¡· §µ³, ÎÉµ¡Ò
¶µ²ÊÎ¥´´Ò° ·Ö¤ ³µ¦´µ ¡Ò²µ ¸¢¥·´ÊÉÓ. ‚ ·¥§Ê²ÓÉ É¥ ´ Ìµ¤¨³ ¸²¥¤ÊÕÐ¥¥ ¢Ò-
· ¦¥´¨¥ ¤²Ö ¸É·Ê±ÉÊ·´µ° ËÊ´±Í¨¨ 3He:

F
3He
2 (x3He) =

∫
dydε

{
F p

2

(
x3He

y − ε
M3He

)
fp/3He(y, ε)+

+FD
2

(
x3He

y − ε
M3He

)
fD/3He(y, ε)

}
, (91)

£¤¥ ε = ∆
3He
p ³µ¦´µ ¨´É¥·¶·¥É¨·µ¢ ÉÓ ± ± Ô´¥·£¨Õ µÉ¤¥²¥´¨Ö ¸µµÉ¢¥É¸É¢Ê-

ÕÐ¥£µ Ö¤¥·´µ£µ Ë· £³¥´É ,   fp(D)/3He(y, ε) Å ± ± ¸¶¥±É· ²Ó´ÊÕ ËÊ´±Í¨Õ
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¤²Ö ¸¢Ö§ ´´µ£µ ¶·µÉµ´  (¤¥°É·µ´ ):

fp(D)/3He(y, ε) =

∫
d3k

(2π)3
Φ3He

2(k)
m

Ep(D)
yδ

(
y −

Ep(D) − k3

m

)
×

× δ (ε− (Ep + ED −M3He)) .

‘²¥¤Ê¥É ¶µ¤Î¥·±´ÊÉÓ, ÎÉµ ± ± ³µ¤¨Ë¨± Í¨Ö FN
2 , É ± ¨ ¥¥ Ô¢µ²ÕÍ¨Ö µÉ

A = 1 ¤µ 4, ¶µ²ÊÎ¥´´Ò¥ ¢ ¶µ¤Ìµ¤¥, · §¢¨Éµ³ ¢ [42Ä44], Ö¢²ÖÕÉ¸Ö ¸²¥¤¸É¢¨¥³
·¥²ÖÉ¨¢¨¸É¸±µ£µ µ¶¨¸ ´¨Ö ¸É·Ê±ÉÊ·Ò Ö¤· . ‚ Ìµ¤¥  ´ ²¨É¨Î¥¸±¨Ì ¢Ò±² ¤µ±
¸ÊÐ¥¸É¢¥´´µ ¨¸¶µ²Ó§µ¢ ²¸Ö ÉµÉ Ë ±É, ÎÉµ ´Ê±²µ´Ò ¢¥¤ÊÉ ¸¥¡Ö ¢ Ö¤·¥ ± ±
´¥µ¤´µ¢·¥³¥´´Ò¥ ( ¸¨´Ì·µ´´Ò¥) µ¡Ñ¥±ÉÒ. ˆ³¥´´µ ÔÉ  µ¸µ¡¥´´µ¸ÉÓ Ö¢²Ö-
¥É¸Ö ¶·¨Î¨´µ° ÔËË¥±É  Ö¤¥·´µ° ¸¢Ö§¨ ¢ FA2 (x), ±µÉµ·Ò° ¶µÖ¢²Ö¥É¸Ö ¨§-§ 
§ ¢¨¸¨³µ¸É¨  ¤·µ´´µ£µ É¥´§µ·  ¸¢Ö§ ´´µ£µ ´Ê±²µ´  µÉ τi. � §¢¨ÉÒ° ¶µ¤Ìµ¤
µ¡² ¤ ¥É ¤¢Ê³Ö ¤µ¸Éµ¨´¸É¢ ³¨. ‚µ-¶¥·¢ÒÌ, µ´ ¶µ§¢µ²Ö¥É ¥¸É¥¸É¢¥´´Ò³ µ¡· -
§µ³ ¢µ¸¶·µ¨§¢¥¸É¨ ·¥§Ê²ÓÉ ÉÒ ´¥·¥²ÖÉ¨¢¨¸É¸±¨Ì ³µ¤¥²¥° (´ ¶·¨³¥·, [11]), ¢
±µÉµ·ÒÌ ·¥²ÖÉ¨¢¨¸É¸±¨¥ ÔËË¥±ÉÒ ¢¢µ¤ÖÉ¸Ö ¸ ¶µ³µÐÓÕ ¶ · ³¥É·¨§ Í¨°. ‚µ-
¢Éµ·ÒÌ, ·¥§Ê²ÓÉ ÉÒ [44] ²¥£±µ ¶·¥¤¸É ¢¨ÉÓ ´ £²Ö¤´µ ¶·¨ ¶µ³µÐ¨ ¸· ¢´¥´¨Ö ¸
·¥§Ê²ÓÉ É ³¨ x-·¥¸±¥°²¨´£-³µ¤¥²¨ [11]. �  ¸ ³µ³ ¤¥²¥, ¨§ ¸· ¢´¥´¨Ö Ê· ¢´¥-
´¨° (73) ¨ (87) ¸ Ê· ¢´¥´¨¥³ (91) ³µ¦´µ ¶µ± § ÉÓ, ÎÉµ ·¥¸±¥°²¨´£ ¶¥·¥³¥´´µ°
�Ó¥·±¥´  x ¸²¥¤Ê¥É ¨§ § ¢¨¸¨³µ¸É¨ µÉ´µ¸¨É¥²Ó´µ£µ ¢·¥³¥´¨ τi, ¸µ¤¥·¦ Ð¥°¸Ö
¢ ±µ³¶Éµ´µ¢¸±µ°  ³¶²¨ÉÊ¤¥ ¢´¥³ ¸¸µ¢µ£µ ´Ê±²µ´ . ‡ ³¥É¨³, ÎÉµ ¸¢Ö§Ó ³ ¸¸Ò
´Ê±²µ´  ¸ Î¥ÉÒ·¥Ì³¥·´Ò³ · ¤¨Ê¸µ³ µ¡² ¸É¨ ¥£µ ²µ± ²¨§ Í¨¨ r2 ∼ 1/m2 ¶µ-
§¢µ²Ö¥É ¸¤¥² ÉÓ ¢Ò¢µ¤ µ Éµ³, ÎÉµ § ¢¨¸¨³µ¸ÉÓ µÉ µÉ´µ¸¨É¥²Ó´µ£µ ¢·¥³¥´¨ τi
¤µ²¦´  ¶·¨¢µ¤¨ÉÓ ± Ê¢¥²¨Î¥´¨Õ µ¡² ¸É¨ ²µ± ²¨§ Í¨¨ ´Ê±²µ´ . �ÉµÉ ¢Ò¢µ¤ ¢
´¥±µÉµ·µ³ ¸³Ò¸²¥ ´ ¶µ³¨´ ¥É ³µ¤¥²Ó´µ¥ · ¸¸³µÉ·¥´¨¥ ÔËË¥±É  Ê¢¥²¨Î¥´¨Ö
· ¤¨Ê¸  ±µ´Ë °´³¥´É  ¨²¨ · §¡ÊÌ ´¨Ö ´Ê±²µ´  [8].

�ËË¥±ÉÒ Ö¤¥·´µ° ¸¢Ö§¨ ¶·¥¤¸É ¢²¥´Ò ¢ Ê· ¢´¥´¨ÖÌ (87) ¨ (89) ± ±
¶¥·¢Ò¥ ¶·µ¨§¢µ¤´Ò¥ ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨° Ö¤¥·´ÒÌ Ë· £³¥´Éµ¢. ‚¸²¥¤¸É¢¨¥

ÔÉµ£µ ¢Ìµ¤ÖÐ¨¥ ¢ ¢Ò· ¦¥´¨Ö ¸É·Ê±ÉÊ·´Ò¥ ËÊ´±Í¨¨ F
n(p)
2 (x) µ¶·¥¤¥²ÖÕÉ ´¥

Éµ²Ó±µ ¢´ÊÉ·¥´´ÕÕ ¸É·Ê±ÉÊ·Ê ´Ê±²µ´ , ´µ É ±¦¥ ¨ ¤¨´ ³¨±Ê ¤¢ÊÌ´Ê±²µ´-
´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°. �´ ²µ£¨Î´µ, FD

2 (x) µÉ¢¥Î ¥É §  ¸É·Ê±ÉÊ·Ê ¤¢ÊÌ´Ê±²µ´-
´µ£µ ¸¢Ö§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö ¨ §  ¤¨´ ³¨±Ê É·¥Ì´Ê±²µ´´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°.
‘µ£² ¸´µ Ê· ¢´¥´¨Õ (74) ¶·µ¨§¢µ¤´ Ö FD

2 (x) ³µ¦¥É ¡ÒÉÓ ¢Ò· ¦¥´  Î¥·¥§
¶·µ¨§¢µ¤´Ò¥ ¶¥·¢µ£µ ¨ ¢Éµ·µ£µ ¶µ·Ö¤±  µÉ FN

2 ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ ±µÔË-
Ë¨Í¨¥´É ³¨. �µ¸±µ²Ó±Ê ¢´¥³ ¸¸µ¢ Ö ¤¥Ëµ·³ Í¨Ö ¸É·Ê±ÉÊ·Ò ¸¢Ö§ ´´µ£µ ¤¥°-
É·µ´  µ¶·¥¤¥²Ö¥É¸Ö ¢Éµ·µ° ¶·µ¨§¢µ¤´µ° µÉ FN

2 , ¨³¥´´µ ÔÉµÉ Î²¥´ µÉ¢¥É¸É¢¥´

§  É·¥Ì´Ê±²µ´´ÊÕ ¤¨´ ³¨±Ê. �¤´ ±µ ¢Éµ· Ö ¶·µ¨§¢µ¤´ Ö FN
2 ¢Ìµ¤¨É ¢ F

3He
2 ¸

µÎ¥´Ó ³ ²¥´Ó±¨³ ±µÔËË¨Í¨¥´Éµ³, ∆
3He
D ∆D

p , ÎÉµ ¶µ§¢µ²Ö¥É ¶·¥´¥¡·¥ÎÓ É·¥Ì-
´Ê±²µ´´µ° ¤¨´ ³¨±µ° ¶·¨ · ¸¸³µÉ·¥´¨¨ ÔËË¥±Éµ¢ Ö¤¥·´µ° ¸¢Ö§¨ ¢ ƒ��.

�¥µ¡Ìµ¤¨³ Ö ¤²Ö · ¸Î¥Éµ¢ ¸É·Ê±ÉÊ·´ Ö ËÊ´±Í¨Ö ´Ê±²µ´  ¢¢µ¤¨É¸Ö ¸ ¶µ-
³µÐÓÕ ¶ · ³¥É·¨§ Í¨¨ ¤ ´´ÒÌ, ¶µ²ÊÎ¥´´ÒÌ ¢ Ô±¸¶¥·¨³¥´É Ì ¶µ ƒ�� ²¥¶Éµ-
´µ¢ ´  ¶·µÉµ´ Ì ¨ ¤¥°É·µ´ Ì. ŒÒ ¨¸¶µ²Ó§µ¢ ²¨ ¶ · ³¥É·¨§ Í¨Õ F p

2 (x,Q2),
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¶µ²ÊÎ¥´´ÊÕ ´¥¤ ¢´µ ¢ [86]. ‘É·Ê±ÉÊ·´ Ö ËÊ´±Í¨Ö F n
2 (x) ´ °¤¥´  ¨§ ·¥§Ê²ÓÉ -

Éµ¢ ¨§³¥·¥´¨Ö F p
2 (x) ¨ µÉ´µÏ¥´¨Ö F n

2 (x)/F p
2 (x), ¶µ²ÊÎ¥´´ÒÌ ¢ [85]. „µ¶µ²-

´¨É¥²Ó´Ò¥ · ¸Î¥ÉÒ, ¢ ±µÉµ·ÒÌ ´ ³¨ ¨¸¶µ²Ó§µ¢ ²¨¸Ó · §²¨Î´Ò¥ ¶ · ³¥É·¨-
§ Í¨¨, ¶µ± § ²¨, ÎÉµ ´¥µ¶·¥¤¥²¥´´µ¸É¨ ¢ ·¥§Ê²ÓÉ É Ì ¨§³¥·¥´¨Ö  ¡¸µ²ÕÉ´ÒÌ

§´ Î¥´¨° F p(n)
2 (x) ¶µ¤ ¢²¥´Ò ¶·¨ ¢ÒÎ¨¸²¥´¨¨ µÉ´µÏ¥´¨Ö rA(x).

�¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´ÒÌ · ¸Î¥Éµ¢, ±µÉµ·Ò¥ ¤¥³µ´¸É·¨·ÊÕÉ, ± ±¨³ µ¡· §µ³
‘” ¸¢µ¡µ¤´µ£µ ´Ê±²µ´  FN

2 (x) (A = 1) ¸µµÉ´µ¸¨É¸Ö ¸ ¤¥°É·µ´´µ° (A = 2) ¨
£¥²¨¥¢µ° (A = 3 ¨ 4) ¸É·Ê±ÉÊ·´Ò³¨ ËÊ´±Í¨Ö³¨, ¶·¨¢¥¤¥´Ò ´  ·¨¸.6,a. ’¥
¦¥ ¸ ³Ò¥ ³µ¤¨Ë¨± Í¨¨, ¢ÒÎ¨¸²¥´´Ò¥ ¶µ µÉ´µÏ¥´¨Õ ± FD

2 (x), ¶·¨¢¥¤¥´Ò
´  ´  ·¨¸.6,¡. ‚ µÉ²¨Î¨¥ µÉ ³µ¤¨Ë¨± Í¨°, ´ ¡²Õ¤ ÕÐ¨Ì¸Ö ¤²Ö ÉÖ¦¥²ÒÌ
Ö¤¥· ¸ ³ ¸¸ ³¨ A > 4, ¢¨¤ µ¸Í¨²²ÖÍ¨° µÉ´µÏ¥´¨Ö rA(x) ³¥´Ö¥É ¸¢µÕ Ëµ·³Ê
¶·¨ A ≤ 4, ÎÉµ ¶·¨¢µ¤¨É ± ¨§³¥´¥´¨Õ ±µµ·¤¨´ ÉÒ ÉµÎ±¨ ¶¥·¥¸¥Î¥´¨Ö x3 ¢
´ ¶· ¢²¥´¨¨ ¡�µ²ÓÏ¨Ì §´ Î¥´¨° x.

�¨¸. 6. a) �É´µÏ¥´¨¥ ‘” FA2 (x)/FN
2 (x). ¡) �É´µÏ¥´¨¥ ‘” FA2 (x) (A=4) ¨ (F

3H
2 (x)+

+F
3He
2 (x))/2 ± ‘” ¤¥°É·µ´  FD

2 (x). �Ê´±É¨·µ³ ´  ·¨¸.a ¶µ± § ´ ·¥§Ê²ÓÉ É · ¸Î¥Éµ¢
¤²Ö ¤¥°É·µ´  A = 2. �¥§Ê²ÓÉ ÉÒ ¤²Ö A = 3, 4 ¶·¨¢¥¤¥´Ò ¸¶²µÏ´Ò³¨ ±·¨¢Ò³¨

Œµ¤¨Ë¨± Í¨¨, ¢ÒÎ¨¸²¥´´Ò¥ ¶µ µÉ´µÏ¥´¨Õ ± FN
2 (x) (·¨¸.6,a), ¶·¥¤¸É -

¢²ÖÕÉ ´¥ Éµ²Ó±µ  ± ¤¥³¨Î¥¸±¨° ¨´É¥·¥¸. Œµ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¨Ì ¤²Ö Éµ£µ,
ÎÉµ¡Ò ¶µ± § ÉÓ, ÎÉµ ¨¸± ¦¥´¨Ö ¸É·Ê±ÉÊ·Ò ´Ê±²µ´  ¢ Ö¤·¥ ¤¥°É¥·¨Ö ´¥²Ó§Ö
· ¸¸³ É·¨¢ ÉÓ ± ± ¶·¥´¥¡·¥¦¨³µ ³ ²Ò¥,   ¸µµÉ´µÏ¥´¨¥ FA2 (x)/FD

2 (x) ≈
≈ FA2 (x)/FN

2 (x) ´¥²Ó§Ö ¸Î¨É ÉÓ µ¶· ¢¤ ´´Ò³. „¥°¸É¢¨É¥²Ó´µ, ± ± ¸²¥¤Ê¥É ¨§
·¥§Ê²ÓÉ Éµ¢ · ¸Î¥Éµ¢ ¶·¨ A = 3, ¶µ²µ¦¥´¨¥ x3 ¸³¥Ð ¥É¸Ö ´  ¢¥²¨Î¨´Ê 0,08,
¥¸²¨ FN

2 (x) § ³¥´¨ÉÓ ´  FD
2 (x) (·¨¸.6,¡). �Éµ ¸³¥Ð¥´¨¥ ¢ ¢µ¸¥³Ó · § ¶·¥¢Ò-

Ï ¥É ¢¥²¨Î¨´Ê Ô±¸¶¥·¨³¥´É ²Ó´µ° ¶µ£·¥Ï´µ¸É¨ ¢ ±µµ·¤¨´ É¥ x3, ´ °¤¥´´µ°
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¨§ ´¥¤ ¢´¥£µ  ´ ²¨§  ·¥§Ê²ÓÉ Éµ¢ ¨§³¥·¥´¨Ö FA2 (x)/FD
2 (x) [30]. ‘µ£² ¸´µ

· ¡µÉ¥ [30] x3 = 0,84 ± 0,01 ´¥§ ¢¨¸¨³µ µÉ A, ¥¸²¨ A > 4. ’ ± Ö ÉµÎ´µ¸ÉÓ
¶µ§¢µ²Ö¥É ´ ¤¥¦´µ µÉ²¨Î¨ÉÓ ÔËË¥±É ³µ¤¨Ë¨± Í¨¨ ¸É·Ê±ÉÊ·Ò ¤¥°É·µ´  µÉ
³µ¤¨Ë¨± Í¨¨ ¸É·Ê±ÉÊ·Ò ¸¢µ¡µ¤´µ£µ ´Ê±²µ´ .

ˆ´É¥·¥¸´µ, ÎÉµ §´ Î¥´¨¥ (1 − x3), ±µÉµ·µ¥ ¸µ¸É ¢²Ö¥É ∼ 0, 32 ¤²Ö
FD

2 (x)/FN
2 (x), Ê³¥´ÓÏ ¥É¸Ö ¤µ ∼ 0, 16 ¨ ∼ 0, 08 ¤²Ö µÉ´µÏ¥´¨°

FA=3
2 (x)/FD

2 (x) ¨ F
4He
2 (x)/FD

2 (x) ¸µµÉ¢¥É¸É¢¥´´µ. „ ²Ó´¥°Ï Ö Ô¢µ²ÕÍ¨Ö ³µ-
¤¨Ë¨± Í¨° FN

2 (x) ¢ Ö¤· Ì ÉÖ¦¥²¥¥, Î¥³ 4He, § ¶·¥Ð¥´  ¶·¨´Í¨¶µ³ � Ê²¨.
Š ± ¸²¥¤Ê¥É ¨§ Ëµ·³Ò ±·¨¢ÒÌ, ¶·¨¢¥¤¥´´ÒÌ ´  ·¨¸.6,a,   É ±¦¥ ¨§ ¸µµÉ´µ-
Ï¥´¨° ³¥¦¤Ê ±µµ·¤¨´ É ³¨ ÉµÎ¥± ¶¥·¥¸¥Î¥´¨Ö x3, ³µ¤¨Ë¨± Í¨Ö ¸É·Ê±ÉÊ·Ò
´Ê±²µ´  · §¢¨¢ ¥É¸Ö ± ± ´ ¸ÒÐ ÕÐ¨°¸Ö ¶·µÍ¥¸¸, ÎÉµ ¶µ²´µ¸ÉÓÕ ¸µ£² ¸Ê¥É¸Ö
¸ ¶·¥¤¸É ¢²¥´¨¥³ µ ¡Ò¸É·µ³ ´ ¸ÒÐ¥´¨¨ Ö¤¥·´ÒÌ ¸¨² ¸¢Ö§¨. �Éµ Ö¢²¥´¨¥ ¤ ¥É
¢µ§³µ¦´µ¸ÉÓ ¢¢¥¸É¨ ±² ¸¸ x-§ ¢¨¸¨³ÒÌ ³µ¤¨Ë¨± Í¨°, µ¡Ê¸²µ¢²¥´´ÒÌ ÔËË¥±-
É ³¨ Ö¤¥·´µ° ¸¢Ö§¨. ‚´ÊÉ·¨ · ¸¸³ É·¨¢ ¥³µ£µ ±² ¸¸  ´¥ ¸ÊÐ¥¸É¢Ê¥É ´¨± ±¨Ì
³¥Ì ´¨§³µ¢, ±µÉµ·Ò¥ ³µ£²¨ ¡Ò ¶·¨¢¥¸É¨ ± ¤ ²Ó´¥°Ï¨³ ¨§³¥´¥´¨Ö³ Ëµ·³Ò
rA(x), µ¡· §µ¢ ¢Ï¥°¸Ö ´  ¶¥·¢µ° ¸É ¤¨¨ Ô¢µ²ÕÍ¨¨, A ≤ 4. �¢µ²ÕÍ¨Ö ³µ¤¨-
Ë¨± Í¨° ± ¡µ²¥¥ ÉÖ¦¥²Ò³ Ö¤· ³, £¤¥ ¨ ¡Ò² µ¡´ ·Ê¦¥´ ÔËË¥±É …Œ‘, ¤µ²¦´ 
¶·µ¨¸Ìµ¤¨ÉÓ ´¥§ ¢¨¸¨³µ µÉ x ¨ · ¸¸³ É·¨¢ ÉÓ¸Ö ± ± ¢Éµ· Ö ¸É ¤¨Ö [29]. Šµ´-
Í¥¶Í¨Ö Ô¢µ²ÕÍ¨¨ ¸É·Ê±ÉÊ·Ò ´Ê±²µ´ , ´ Ìµ¤ÖÐ¥£µ¸Ö ¢ Ö¤¥·´µ³ µ±·Ê¦¥´¨¨, ¢
¢¨¤¥ ¤¢ÊÌ ¸É ¤¨° Ö¢²Ö¥É¸Ö ·¥Ï ÕÐ¥° ¤²Ö ¶µ´¨³ ´¨Ö ¤ ¢´¥° ¶·µ¡²¥³Ò …Œ‘-
ÔËË¥±É .

�µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ, ¢ Î ¸É´µ¸É¨ §´ Î¥´¨Ö (1 − x3), ³µ£ÊÉ ¡ÒÉÓ ¨¸-
¶µ²Ó§µ¢ ´Ò ¤²Ö ¢¢¥¤¥´¨Ö ±µ²¨Î¥¸É¢¥´´µ° Ì · ±É¥·¨¸É¨±¨ ÔËË¥±É  ³µ¤¨Ë¨-
± Í¨¨ ¸É·Ê±ÉÊ·Ò ´Ê±²µ´  ¢ § ¢¨¸¨³µ¸É¨ µÉ ³ ¸¸µ¢µ£µ Î¨¸²  A. ’ ±, ¶·¨´¨³ Ö
§  ¥¤¨´¨ÍÊ ³µ¤¨Ë¨± Í¨¨ ¢¥²¨Î¨´ÊM = 1/(1−x3), ¸µµÉ¢¥É¸É¢ÊÕÐÊÕ ¸²ÊÎ Õ
FD

2 /F
N
2 , ´ Ìµ¤¨³, ÎÉµ ³µ¤¨Ë¨± Í¨¨ ¸É·Ê±ÉÊ·Ò ´Ê±²µ´  ¢ Ö¤· Ì A = = 2, 3

¨ 4 ¸µµÉ´µ¸ÖÉ¸Ö ± ± 1:2:4. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¨§  ´ ²¨§  ¤ ´´ÒÌ ´  Ö¤· Ì ¢
µ¡² ¸É¨ A = 9÷197 ¶µ²ÊÎ¥´µ, ÎÉµ x3 ´¥ § ¢¨¸¨É µÉ A ¨ ¸µ¸É ¢²Ö¥É ¢ ¸·¥¤´¥³
x3 = 0, 84± 0, 01 [30]. ‚ É¥·³¨´ Ì M ¢¥²¨Î¨´  ³µ¤¨Ë¨± Í¨¨ ¢ ÔÉµ³ ¸²ÊÎ ¥
M = 2. ‹¥£±µ ¶µ± § ÉÓ, ÎÉµ ¤²Ö ¸²ÊÎ Ö µ¶¨¸ ´¨Ö ‘” ´Ê±²µ´  ¶·µ¸É¥°Ï¥°
§ ¢¨¸¨³µ¸ÉÓÕ F2 ∼ (1 − x)3 ¢¢¥¤¥´´ Ö ´ ³¨ Ì · ±É¥·¨¸É¨±  ¸¢Ö§ ´  ¸ ¶·µ-
¨§¢µ¤´µ° F2 ¨ ¸ ³µ° ¢¥²¨Î¨´µ° F2 ¢ ÉµÎ±¥ ¶¥·¥¸¥Î¥´¨Ö: M ∼ F

′

2/F2|x=x3 .
‡ ¢¨¸¨³µ¸ÉÓ ¢¥²¨Î¨´ÒM µÉ ³ ¸¸µ¢µ£µ Î¨¸²  A, ¶·¨¢¥¤¥´´ Ö ´  ·¨¸.7, Ö¢²Ö-
¥É¸Ö Ê¤µ¡´µ° ¨²²Õ¸É· Í¨¥° ±µ´Í¥¶Í¨¨ Ô¢µ²ÕÍ¨¨ ³µ¤¨Ë¨± Í¨° ´Ê±²µ´  ¢
¤¢¥ ¸É ¤¨¨. Ÿ¤· , ¤²Ö ±µÉµ·ÒÌ M ´ ¤¥¦´µ µ¶·¥¤¥²¥´  ¨§ Ô±¸¶¥·¨³¥´É ²Ó-
´ÒÌ ¤ ´´ÒÌ, ´ Ìµ¤ÖÉ¸Ö ¢ µ¡² ¸É¨ A ≥ 9 ¨ ¶µ± § ´Ò ´  ·¨¸. 7 ¸ ¶µ³µÐÓÕ
§ ÏÉ·¨Ìµ¢ ´´ÒÌ ±²¥Éµ±.

�µ¸±µ²Ó±Ê Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¤²Ö Ö¤¥· A = 2 ¨ 3 µÉ¸ÊÉ¸É¢ÊÕÉ,
¶·¥¤¸± § ´¨Ö · ¡µÉ [43, 44] ³µ£ÊÉ ¡ÒÉÓ ¶·µ¢¥·¥´Ò Éµ²Ó±µ ¸· ¢´¥´¨¥³ ¸ ·¥-
§Ê²ÓÉ É ³¨ ¤²Ö µÉ´µÏ¥´¨Ö F

4He
2 (x)/FD

2 (x), ¶·¨¢¥¤¥´´Ò³¨ ¢ [55, 95] ¨ ¶µ± -
§ ´´Ò³¨ ´  ·¨¸.8. �µ²µ¦¥´¨¥ ÉµÎ±¨ ¶¥·¥¸¥Î¥´¨Ö · ¸Î¥É´µ° ±·¨¢µ° ¸ ²¨´¨¥°
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M

�¨¸. 7. ‘É¥¶¥´Ó ¨¸± ¦¥´¨Ö ¸É·Ê±ÉÊ·Ò ´Ê±²µ´  M ¢ § ¢¨¸¨³µ¸É¨ µÉ ³ ¸¸µ¢µ£µ
Î¨¸²  A

r(x) = 1 ¸µµÉ¢¥É¸É¢Ê¥É ¢¥²¨Î¨´¥ x3 = 0,913, ÎÉµ ´ Ìµ¤¨É¸Ö ¢ Ìµ·µÏ¥³ ¸µ£² -
¸¨¨ ¸ ¤ ´´Ò³¨. �¥¡µ²ÓÏµ¥ ¸¨¸É¥³ É¨Î¥¸±µ¥ µÉ±²µ´¥´¨¥ ±·¨¢µ° ¶·¨ x < 0, 2
³µ¦¥É ¡ÒÉÓ µÉ´¥¸¥´µ ´  ¸Î¥É ¶ · ³¥É·¨§ Í¨¨ ´Ê±²µ´´ÒÌ ¤ ´´ÒÌ ¨¸¶µ²Ó§Ê¥-
³µ° ¤²Ö · ¸Î¥É  ¶·µ¨§¢µ¤´µ° FN

2 . �¥§´ Î¨É¥²Ó´Ò¥ ¨§³¥´¥´¨Ö ¶ · ³¥É·¨§ -
Í¨¨, ¶µ§¢µ²ÖÕÐ¨¥ ¢µ¸¶·µ¨§¢¥¸É¨ ÉµÎ±¨ x1 ¨ x2, ¶·¨¢µ¤ÖÉ ± ¸ÊÐ¥¸É¢¥´´µ³Ê
Ê²ÊÎÏ¥´¨Õ ¸µ£² ¸¨Ö É¥µ·¨¨ ¨ Ô±¸¶¥·¨³¥´É  ¢ µ¡² ¸É¨ x < 0, 2 (¸³. ·¨¸.9).

�¨¸. 8. �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢

F
4He
2 (x)/FD

2 (x), ¢Ò¶µ²´¥´´ÒÌ ¢ [43,
44], ¶µ± § ´Ò ¸¶²µÏ´µ° ±·¨¢µ°. �±¸-
¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¨§µ¡· -
¦¥´Ò Î¥·´Ò³¨ [55] ¨ ¸¢¥É²Ò³¨ [95]
±·Ê¦± ³¨

�¥§Ê²ÓÉ É · ¸Î¥É  ¤²Ö A = 3 Ìµ-
·µÏµ ¸µ£² ¸Ê¥É¸Ö ¸ Ëµ·³µ° ³µ¤¨Ë¨± -
Í¨¨, ´ °¤¥´´µ° ¢ Ô±¸¶¥·¨³¥´É Ì ´  ¸Ê-
Ð¥¸É¢¥´´µ ¡µ²¥¥ ÉÖ¦¥²ÒÌ Ö¤· Ì, ± ±,
´ ¶·¨³¥·, ´  Ö¤· Ì ¦¥²¥§ , ¸¥·¥¡· , §µ-
²µÉ . ‘µ£² ¸¨¥ µ¶·¥¤¥²Ö¥É¸Ö É¥³, ÎÉµ
¶µ²ÊÎ¥´´µ¥ ¨§ É¥µ·¨¨ §´ Î¥´¨¥ x3 =
0,845 ¢ ¶·¥¤¥² Ì ¶µ£·¥Ï´µ¸É¥° ¸µ¢¶ -
¤ ¥É ¸ Ô±¸¶¥·¨³¥´Éµ³. ‚ ·¥§Ê²ÓÉ É¥ ³µ-
¤¨Ë¨± Í¨Ö µÉ´µÏ¥´¨Ö ‘” ¢ µ¡² ¸É¨
A > 4 ¶·µ¨¸Ìµ¤¨É ¶·µ¸Éµ ± ± Ê¢¥²¨-
Î¥´¨¥  ³¶²¨ÉÊ¤Ò µÉ±²µ´¥´¨° µÉ ²¨´¨¨
rA(x) = 1 ¡¥§ ¨§³¥´¥´¨Ö x-§ ¢¨¸¨³µ¸É¨.
Š ± ¶µ± § ´µ ¢ · ¡µÉe [30], ·¥§Ê²ÓÉ ÉÒ
¢¸¥Ì Ô±¸¶¥·¨³¥´Éµ¢ ´  Ö¤· Ì (§  ¨¸-
±²ÕÎ¥´¨¥³ Ö¤·  4He) ¶·¥¢µ¸Ìµ¤´µ ¸µ-
£² ¸ÊÕÉ¸Ö ¸ · ¸Î¥Éµ³ ¤²Ö A = 3 ¸ ¶µ³µ-
ÐÓÕ ¢¢¥¤¥´¨Ö ³ ¸ÏÉ ¡´µ£µ ¶ · ³¥É· .
‡ ¢¨¸¨³µ¸ÉÓ ³ ¸ÏÉ ¡´µ£µ ¶ · ³¥É·  µÉ
A ¸¢Ö§ ´  ¸ ¨§³¥´¥´¨¥³ ¸·¥¤´¥° Ö¤¥·-
´µ° ¶²µÉ´µ¸É¨ ¨ ³µ¦¥É ¡ÒÉÓ ¢ÒÎ¨¸²¥´  ¸ ¶µ³µÐÓÕ ¶µÉ¥´Í¨ ²  ‚Ê¤¸ Å
‘ ±¸µ´ . �  ·¨¸.10 ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ³µ¤¨Ë¨± Í¨¨ ¸É·Ê±ÉÊ·Ò
´Ê±²µ´  ¢ É·¥Ì´Ê±²µ´´µ° ¸¨¸É¥³¥ (¸¢¥É² Ö § ÏÉ·¨Ìµ¢ ´´ Ö µ¡² ¸ÉÓ) ¨ ¶µ-
± § ´µ, ± ± ¸É·Ê±ÉÊ·  ´Ê±²µ´  Ô¢µ²ÕÍ¨µ´¨·Ê¥É ¢ Ö¤· Ì 12C, 56Fe ¨ 197Au
(ÏÉ·¨Ìµ¢±  c · §´µ° ¶²µÉ´µ¸ÉÓÕ).

‚Ò¶µ²´¥´´Ò° ¢ · ¡µÉ Ì [28Ä30]  ´ ²¨§ Ê¡¥¦¤ ¥É ¢ Éµ³, ÎÉµ ¢Éµ· Ö ¸É ¤¨Ö
(A > 4) Ô¢µ²ÕÍ¨¨ ¸É·Ê±ÉÊ·Ò ´Ê±²µ´  ¢ Ö¤· Ì ¶·µÉ¥± ¥É ¡¥§ ¨¸± ¦¥´¨Ö ¶ ·-
Éµ´´ÒÌ · ¸¶·¥¤¥²¥´¨° Ö¤¥·´µ° ¸·¥¤µ°. �ÉµÉ Ë ±É ¶µ§¢µ²Ö¥É · ¸¸³ É·¨¢ ÉÓ
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�¨¸. 9. �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ F
4He
2 (x)/FD

2 (x) ¸ ³µ¤¨Ë¨Í¨·µ¢ ´´µ° ¶ · ³¥É·¨§ Í¨¥°
FN

2 ¶µ± § ´Ò ¸¶²µÏ´µ° ±·¨¢µ°. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¨§µ¡· ¦¥´Ò Î¥·-
´Ò³¨ [55] ¨ ¸¢¥É²Ò³¨ [95] ±·Ê¦± ³¨

…Œ‘-ÔËË¥±É ± ± Î ¸É´Ò° ¸²ÊÎ ° ³µ¤¨Ë¨± Í¨° ¤²Ö µ¡² ¸É¨ A ≤ 4. �µ¢Éµ·¥-
´¨¥ ÔËË¥±É , ¶µ²ÊÎ¥´´µ£µ ¢ · ¸Î¥É Ì ¤²Ö É·¥Ì´Ê±²µ´´µ° ¸¨¸É¥³Ò, ¢ ÉÖ¦¥²ÒÌ
Ö¤· Ì ³µ¦¥É ¸¢¨¤¥É¥²Ó¸É¢µ¢ ÉÓ µ¡ µ¤¨´ ±µ¢µ° Éµ¶µ²µ£¨¨ Ö¤¥·´ÒÌ ¸¨² ¶·¨ A
= 3 ¨ ¶·¨ A ≥ 4.

5.3. �· ¢¨²µ ¸Ê³³ ƒµÉÉË·¨¤ . ‘É·µ£µ £µ¢µ·Ö, Ô±¸¶¥·¨³¥´É ²Ó´ Ö ¶·µ-
¢¥·±  ¶· ¢¨² ¸Ê³³ Š•„ É·¥¡Ê¥É µ¶·¥¤¥²¥´¨Ö ¸É·Ê±ÉÊ·´µ° ËÊ´±Í¨¨ ´¥°É·µ´ 
F n

2 (x) ¢µ ¢¸¥° µ¡² ¸É¨ ¨§³¥´¥´¨Ö ¶¥·¥³¥´´µ° x. �µÔÉµ³Ê ¥¸É¥¸É¢¥´´µ µ¦¨-
¤ ÉÓ, ÎÉµ · ¸¸³µÉ·¥´´Ò¥ ¢ÒÏ¥ ÔËË¥±ÉÒ µ± ¦ÊÉ¸Ö ¢ ¦´Ò³¨ ¶·¨  ´ ²¨§¥ Ô±¸-
¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ.

‚Ò· ¦¥´¨¥ (76) ¶µ± §Ò¢ ¥É, ÎÉµ ¨´É¥£· ²

ID =

∫ 1

0

dx

x

(
2F p

2 (x)− 2FD
2 (x)

)
,

±µÉµ·Ò° µ¡ÒÎ´µ ¨¸¶µ²Ó§Ê¥É¸Ö ¤²Ö Ô±¸¶¥·¨³¥´É ²Ó´µ° ¶·µ¢¥·±¨ ¶· ¢¨²  ¸Ê³³
ƒµÉÉË·¨¤  [87], ¸µ¢¶ ¤ ¥É ¸ ¨´É¥£· ²µ³ ƒµÉÉË·¨¤  ¸ ÉµÎ´µ¸ÉÓÕ ¤µ ¶µ¶· ¢±¨,
¶·µ¶µ·Í¨µ´ ²Ó´µ° FN

2 (x = 0):

ID =

∫ 1

0

dx

x
(F p

2 (x)− F n
2 (x)) − 2

〈MD − 2ED〉D
m

FN
2 (x = 0) .

�µ¸±µ²Ó±Ê §´ Î¥´¨¥ ‘” ´Ê±²µ´  ¢ ´Ê²¥ ´¥¨§¢¥¸É´µ ¨, ¸Ê¤Ö ¶µ ¶µ¸²¥¤´¨³
Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¤ ´´Ò³ [87], ¡Ò¸É·µ · ¸É¥É ¶·¨ x → 0, Éµ ¨§¢²¥Î¥´´ Ö
É ±¨³ µ¡· §µ³ ¢¥²¨Î¨´  É¥³ ¸¨²Ó´¥¥ ¶¥·¥µÍ¥´¨¢ ¥É ¨¸É¨´´µ¥ §´ Î¥´¨¥ ¨´É¥-
£· ²  ƒµÉÉË·¨¤ , Î¥³ ¡²¨¦¥ ± ´Ê²Õ ¡¥·¥É¸Ö ´¨¦´¨° ¶·¥¤¥² ¨´É¥£·¨·µ¢ ´¨Ö
¢ ·¥ ²Ó´µ³ Ô±¸¶¥·¨³¥´É¥.
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�¨¸. 10. �¢µ²ÕÍ¨Ö ¸É·Ê±ÉÊ·Ò ´Ê±²µ´  ¢ Ö¤· Ì µÉ A = 3 (�Ê·µ¢, Œµ²µÎ±µ¢, ‘³¨·´µ¢)
¤µ A = 197 (‚Ê¤¸Å‘ ±¸µ´), ¶µ²ÊÎ¥´´ Ö Ê³´µ¦¥´¨¥³ FA=3

2 (x)/FD
2 (x) ´  ³ ¸ÏÉ ¡´Ò°

¶ · ³¥É·. ‡ ¢¨¸¨³µ¸ÉÓ ¶ · ³¥É·  µÉ A µ¶·¥¤¥²Ö¥É¸Ö ¶µÉ¥´Í¨ ²µ³ ‚Ê¤¸ Å‘ ±¸µ´  ¨
¶µ± § ´  ¸ ¶µ³µÐÓÕ ÏÉ·¨Ìµ¢±¨ · §´µ° ¶²µÉ´µ¸É¨. �¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° ´  §µ²µÉµ°
³¨Ï¥´¨ ¶µ²ÊÎ¥´Ò ¢ · ¡µÉ¥ [55]

‚ ´¥¤ ¢´¨Ì Ô±¸¶¥·¨³¥´É Ì ¸µÉ·Ê¤´¨Î¥¸É¢  NMC ¶µ²ÊÎ¥´µ, ÎÉµ
ID(0, 004) = 0, 2281±0, 0065 [87]. ‹¥£±µ ¶µ± § ÉÓ, ÎÉµ, ¤¢¨£ Ö¸Ó ¢ É ±µ³ Ô±¸-
¶¥·¨³¥´É¥ ¢ µ¡² ¸ÉÓ ¢¸¥ ³¥´ÓÏ¨Ì x, ¶·¨ ´¥±µÉµ·µ³ x0 = x1 ³µ¦´µ ¶µ²ÊÎ¨ÉÓ
§´ Î¥´¨¥ I , Ê¤µ¢²¥É¢µ·ÖÕÐ¥¥ ¶· ¢¨²Ê ¸Ê³³ ƒµÉÉË·¨¤ , Å ID(x1) = 1/3,  
¶µÉµ³ ¶¥·¥µÍ¥´¨ÉÓ ¥£µ.

ˆÉ ±, Ô±¸¶¥·¨³¥´ÉÒ ¶µ ƒ�� ´  ¤¥°É·µ´¥ ¨ ¶·µÉµ´¥ ¶µ§¢µ²ÖÕÉ § ±²ÕÎ¨ÉÓ,
ÎÉµ ¶· ¢¨²µ ¸Ê³³ ƒµÉÉË·¨¤  ´ ·ÊÏ¥´µ. ‚ Éµ ¦¥ ¸ ³µ¥ ¢·¥³Ö ´¥É µ¸´µ¢ ´¨°
¸Î¨É ÉÓ, ÎÉµ ¨´É¥£· ² ƒµÉÉË·¨¤  ³µ¦¥É ¡ÒÉÓ µÍ¥´¥´ ¨§ ¨³¥ÕÐ¨Ì¸Ö ¤ ´´ÒÌ
¸ ²Õ¡µ° ´ ¶¥·¥¤ § ¤ ´´µ° ÉµÎ´µ¸ÉÓÕ.

‘µ¢¸¥³ ¨´ Ö ¸¨ÉÊ Í¨Ö ³µ¦¥É ¢µ§´¨±´ÊÉÓ ¶·¨  ´ ²¨§¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¤ ´´ÒÌ ¶µ ƒ�� ´  3He ¨ 3H. ‚ÒÎ¨¸²¨³ ¨´É¥£· ² ƒµÉÉË·¨¤ , ¶µ¤¸É ¢¨¢ ¢³¥-
¸Éµ ‘” ¶·µÉµ´  ¨ ´¥°É·µ´  ‘” 3He ¨ 3H ¶µ²ÊÎ¥´´Ò¥ ¢ÒÏ¥ ¢Ò· ¦¥´¨Ö (87)
¨ (88). ‚ ·¥§Ê²ÓÉ É¥ ¨³¥¥³ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥:

I3H =

1∫
0

dx

x

(
F

3He
2 (x)− F 3H

2 (x)
)

=

=

1∫
0

dx

x
(F p

2 (x) − F n
2 (x))− 2

〈∆p
3He〉3He

m
(F p

2 (x = 0)− F n
2 (x = 0)).
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�·¥¤¶µ²µ¦¨¢ ¨§µ¸¶¨´µ¢ÊÕ ¸¨³³¥É·¨Õ ±¢ ·±µ¢µ£µ ³µ·Ö ¶·¨ x → 0, ³µ¦´µ
§ ±²ÕÎ¨ÉÓ, ÎÉµ ¶µ¸²¥¤´¨° Î²¥´ § ´Ê²Ö¥É¸Ö, ¨ I3H ¸µ¢¶ ¤ ¥É ¸ ¨´É¥£· ²µ³
ƒµÉÉË·¨¤ . ’ ±¨³ µ¡· §µ³, Ô±¸¶¥·¨³¥´É, ¨¸¶µ²Ó§ÊÕÐ¨° 3He- ¨ 3H-³¨Ï¥´¨,
¶µ§¢µ²¨² ¡Ò ¶·µ¢¥·¨ÉÓ ¶· ¢¨²µ ¸Ê³³ ƒµÉÉË·¨¤  ´¥§ ¢¨¸¨³µ µÉ ³µ¤¥²Ó´ÒÌ
´¥µ¶·¥¤¥²¥´´µ¸É¥° ¨ ¡¥§ ´¥µ¡Ìµ¤¨³µ¸É¨ ÊÎ¨ÉÒ¢ ÉÓ ÔËË¥±ÉÒ Ö¤¥·´µ° ¸¢Ö§¨.

‘Ê³³¨·ÊÖ ·¥§Ê²ÓÉ ÉÒ ÔÉµ£µ · §¤¥² , ¸²¥¤Ê¥É µÉ³¥É¨ÉÓ:

• Œµ¤¥²Ó´µ-´¥§ ¢¨¸¨³Ò° ³¥Éµ¤, · §¢¨ÉÒ° ´  µ¸´µ¢¥ ¶µ¤Ìµ¤ , ¨§²µ¦¥´-
´µ£µ ¢ · §¤. 3, ¶µ§¢µ²¨² · ¸¸Î¨É ÉÓ ‘” ²¥£±¨Ì Ö¤¥· ¢ É¥·³¨´ Ì ‘”
Ö¤¥·´ÒÌ Ë· £³¥´Éµ¢ ¨ É·¥Ì³¥·´µ£µ ¨³¶Ê²Ó¸´µ£µ · ¸¶·¥¤¥²¥´¨Ö. ‚ ·¥-
§Ê²ÓÉ É¥ ‘” FA2 (x) ¡Ò²  · ¸¸Î¨É ´ , ´¥ ¶·¨¡¥£ Ö ± Î¨¸²¥´´µ³Ê ·¥Ï¥-
´¨Õ Ê· ¢´¥´¨Ö (49).

• �µ²ÊÎ¥´´µ¥ ¶µ¢¥¤¥´¨¥ µÉ´µÏ¥´¨° ‘” ²¥£±¨Ì Ö¤¥· D, 3He ¨ 4He ± ‘”
¸¢µ¡µ¤´µ£µ ´Ê±²µ´  ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ Éµ³, ÎÉµ ³µ¤¨Ë¨± Í¨Ö ¸É·Ê±ÉÊ·Ò
´Ê±²µ´  ¢ ²¥£Î °Ï¨Ì Ö¤· Ì Ö¢²Ö¥É¸Ö ¤¥³µ´¸É· Í¨¥° ¶·µ¸É· ´¸É¢¥´´µ-
¶µ¤µ¡´µ° ¤¥Ëµ·³ Í¨¨ ¶ ·Éµ´´µ£µ · ¸¶·¥¤¥²¥´¨Ö ¢ ¸¢Ö§ ´´µ³ ´Ê±²µ´¥.

• �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ µÉ´µÏ¥´¨Ö ‘” 3He ¨ 4He ± ‘” ¤¥°É·µ´ , ¶·µ-
¢¥·±  ±µÉµ·ÒÌ ¶² ´¨·Ê¥É¸Ö ¢ TJNAF ¨ HERA, ³µ£ÊÉ · ¸¸³ É·¨¢ ÉÓ¸Ö
± ± ¶·¥¤¸± § ´¨Ö Éµ£µ, ÎÉµ …Œ‘-ÔËË¥±É ´  ¡µ²¥¥ ÉÖ¦¥²ÒÌ Ö¤· Ì ³µ¦´µ
¶µ´¨³ ÉÓ ± ± ³µ¤¨Ë¨± Í¨Õ ¸É·Ê±ÉÊ·Ò ¸¢Ö§ ´´µ£µ ¢ 3He ´Ê±²µ´ , ±µ-
Éµ· Ö Ê¸¨²¨¢ ¥É¸Ö ÔËË¥±É ³¨ Ö¤¥·´µ° ¶²µÉ´µ¸É¨.

• �µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶µ± §Ò¢ ÕÉ, ÎÉµ ¢ µ¡² ¸É¨ …Œ‘-ÔËË¥±É 
(0,3 < x < 0,9) ¤¢ÊÌ´Ê±²µ´´Ò¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ³µ£ÊÉ · ¸¸³ É·¨¢ ÉÓ¸Ö
± ± ¤µ³¨´¨·ÊÕÐ¨° ³¥Ì ´¨§³ ¶·¨ µ¶¨¸ ´¨¨ Ö¤¥·´ÒÌ ¸¨² ¸¢Ö§¨.

6. ‡�Š‹�—…�ˆ…

�·¥¤²µ¦¥´ É¥µ·¥É¨±µ-¶µ²¥¢µ° ¶µ¤Ìµ¤, ¢ · ³± Ì ±µÉµ·µ£µ ·¥ ²¨§µ¢ ´µ
·¥²ÖÉ¨¢¨¸É¸±µ¥ · ¸¸³µÉ·¥´¨¥ ÔËË¥±Éµ¢ ¸¢Ö§¨ ´Ê±²µ´µ¢ ¢ ²¥£Î °Ï¨Ì Ö¤· Ì.
�·¨ ÔÉµ³ ¶µ± § ´µ, ÎÉµ ´¥µ¤´µ¢·¥³¥´´µ¸ÉÓ ´Ê±²µ´µ¢ ¢ Ö¤·¥ Ö¢²Ö¥É¸Ö ´¥µ¡-
Ìµ¤¨³Ò³ Ê¸²µ¢¨¥³ ³µ¤¨Ë¨± Í¨¨ ¸É·Ê±ÉÊ·Ò ´Ê±²µ´ .

� §¢¨É ³µ¤¥²Ó´µ-´¥§ ¢¨¸¨³Ò° ³¥Éµ¤, ¶µ§¢µ²ÖÕÐ¨° · ¸¸Î¨É ÉÓ ‘” Ö¤¥·
3H, 3He ¨ 4He ¢ É¥·³¨´ Ì ‘” Ö¤¥·´ÒÌ Ë· £³¥´Éµ¢. ‚¶¥·¢Ò¥ ¢ · ³± Ì ¥¤¨´µ£µ
¶µ¤Ìµ¤  µ¸ÊÐ¥¸É¢²¥´Ò · ¸Î¥ÉÒ ³µ¤¨Ë¨± Í¨¨ ¸É·Ê±ÉÊ·Ò ¸¢µ¡µ¤´µ£µ ´Ê±²µ´ 
¤²Ö ²¥£Î °Ï¨Ì Ö¤¥·, A ≤ 4. �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ¤²Ö A = 2 ¨ 3 Ö¢²ÖÕÉ¸Ö
É¥µ·¥É¨Î¥¸±¨³ ¶·¥¤¸± § ´¨¥³ ÔËË¥±Éµ¢ Ô¢µ²ÕÍ¨¨ ¸É·Ê±ÉÊ·Ò ´Ê±²µ´  ¢ ³ -
²µ´Ê±²µ´´ÒÌ ¸¨¸É¥³ Ì.

�µ± § ´µ, ÎÉµ ¢Ìµ¤ÖÐ¨¥ ¢ ¢Ò· ¦¥´¨Ö ¤²Ö  ¤·µ´´µ£µ É¥´§µ·  ¸É·Ê±ÉÊ·´Ò¥

ËÊ´±Í¨¨ F
n(p)
2 (x) µ¶·¥¤¥²ÖÕÉ ´¥ Éµ²Ó±µ ¢´ÊÉ·¥´´ÕÕ ¸É·Ê±ÉÊ·Ê ´Ê±²µ´ , ´µ

É ±¦¥ ¨ ¤¨´ ³¨±Ê ¤¢ÊÌ´Ê±²µ´´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°. •µ·µÏ¥¥ ¸µ£² ¸¨¥ ·¥§Ê²Ó-
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É Éµ¢ · ¸Î¥Éµ¢ ¸ ¨³¥ÕÐ¨³¨¸Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É
µ ¤µ³¨´¨·ÊÕÐ¥³ ¢±² ¤¥ ¶ ·´ÒÌ ´Ê±²µ´´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¤²Ö µ¶¨¸ ´¨Ö
Ö¤¥·´ÒÌ ¸¨² ¸¢Ö§¨ ¶µ ³¥´ÓÏ¥° ³¥·¥ ¢ Ìµ·µÏµ ¨¸¸²¥¤µ¢ ´´µ° µ¡² ¸É¨
0,3 < x < 0,9. �Éµ É ±¦¥ ¶µ§¢µ²Ö¥É ¸¤¥² ÉÓ ¢Ò¢µ¤ µ Éµ³, ÎÉµ ÊÎ¥É ´¥µ¤´µ¢·¥-
³¥´´µ¸É¨ ´Ê±²µ´µ¢ ¢ Ö¤·¥ Ö¢²Ö¥É¸Ö ¤µ¸É ÉµÎ´Ò³ Ê¸²µ¢¨¥³ ¤²Ö ¶· ¢¨²Ó´µ£µ
µ¶¨¸ ´¨Ö ³µ¤¨Ë¨± Í¨¨ ¸É·Ê±ÉÊ·Ò ´Ê±²µ´ .

Š ± ³µ¤¨Ë¨± Í¨Ö FN
2 , É ± ¨ ¥¥ Ô¢µ²ÕÍ¨Ö µÉ A = 1 ¤µ 4, ¶µ²ÊÎ¥´´Ò¥ ¢

´ Ï¥³ ¶µ¤Ìµ¤¥, Ö¢²ÖÕÉ¸Ö ·¥§Ê²ÓÉ Éµ³ ·¥²ÖÉ¨¢¨¸É¸±µ£µ · ¸¸³µÉ·¥´¨Ö Ö¤¥·´µ°
¸É·Ê±ÉÊ·Ò. ˆ¸Ìµ¤Ö ¨§ ¢§ ¨³´µ° ¸µ£² ¸µ¢ ´´µ¸É¨ ·¥§Ê²ÓÉ Éµ¢ É¥µ·¥É¨Î¥¸±¨Ì
· ¸Î¥Éµ¢, µ¶¨· ÕÐ¨Ì¸Ö ´  ¶µ´¨³ ´¨¥ ¸É·Ê±ÉÊ·Ò ¤¥°É·µ´ , ¨ Ô±¸¶¥·¨³¥´-
É ²Ó´ÒÌ ·¥§Ê²ÓÉ Éµ¢ ¶·¨ A ≥ 4, ³Ò ¶·¨Ìµ¤¨³ ± ¢Ò¢µ¤Ê µ ³ ²µ¸É¨ É¥µ·¥É¨Î¥-
¸±¨Ì ´¥µ¶·¥¤¥²¥´´µ¸É¥° ¤²Ö µÉ´µÏ¥´¨Ö FD

2 (x)/FN
2 (x). �Éµ, ¢ ¸¢µÕ µÎ¥·¥¤Ó,

¶µ§¢µ²Ö¥É ´ ¤¥¦´µ µÉ²¨Î¨ÉÓ ÔËË¥±É ³µ¤¨Ë¨± Í¨¨ ¸É·Ê±ÉÊ·Ò ¤¥°É·µ´  µÉ
³µ¤¨Ë¨± Í¨¨ ¸É·Ê±ÉÊ·Ò ¸¢µ¡µ¤´µ£µ ´Ê±²µ´  ´  µ¸´µ¢¥ Ê¦¥ ¶µ²ÊÎ¥´´ÒÌ Ô±¸-
¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ.

� °¤¥´µ, ÎÉµ ´ ¨¡µ²¥¥ Ì · ±É¥·´µ° µÉ²¨Î¨É¥²Ó´µ° Î¥·Éµ° ³µ¤¨Ë¨± Í¨¨
¸É·Ê±ÉÊ·Ò ´Ê±²µ´  ¢ Ö¤· Ì Ö¢²Ö¥É¸Ö ¶µ²µ¦¥´¨¥ ±µµ·¤¨´ ÉÒ ÉµÎ±¨ x3, ¢ ±µÉµ-
·µ° FA2 (x) = FD

2 (x). ˆ§ · ¸Î¥Éµ¢ ¸²¥¤Ê¥É, ÎÉµ §´ Î¥´¨¥ (1−x3), ±µÉµ·µ¥ ¸µ-
¸É ¢²Ö¥É ∼ 0, 32 ¤²Ö FD

2 /F
N
2 , Ê³¥´ÓÏ ¥É¸Ö ¤µ ∼ 0, 16 ¨ ∼ 0, 08 ¤²Ö µÉ´µÏ¥´¨°

FA=3
2 /FD

2 ¨ F
4He
2 /FD

2 ¸µµÉ¢¥É¸É¢¥´´µ. ‚Ò¡¨· Ö ¢ ± Î¥¸É¢¥ ±µ²¨Î¥¸É¢¥´´µ°
µÍ¥´±¨ ³µ¤¨Ë¨± Í¨¨ ¢¥²¨Î¨´ÊM = 1/(1−x3) ¨ ¶µ² £ Ö ¥¥ · ¢´µ° ¥¤¨´¨Í¥
¤²Ö ¤¥°É·µ´ , ¶µ²ÊÎ ¥³, ÎÉµ ¸É¥¶¥´Ó ³µ¤¨Ë¨± Í¨¨ ¢µ§· ¸É ¥É ¤µ M = 2 ¤²Ö
3He ¨ 3H ¨ ¤µM = 4 ¤²Ö 4He. �¸´µ¢Ò¢ Ö¸Ó ´  ÔÉ¨Ì ·¥§Ê²ÓÉ É Ì, ³Ò ¢¢µ¤¨³
±² ¸¸ x-§ ¢¨¸¨³ÒÌ ³µ¤¨Ë¨± Í¨°, µ¡Ê¸²µ¢²¥´´ÒÌ ÔËË¥±É ³¨ Ö¤¥·´µ° ¸¢Ö§¨.
‚´ÊÉ·¨ · ¸¸³ É·¨¢ ¥³µ£µ ±² ¸¸  ´¥ ¸ÊÐ¥¸É¢Ê¥É ´¨± ±¨Ì ³¥Ì ´¨§³µ¢, ±µÉµ·Ò¥
³µ£²¨ ¡Ò ¶·¨¢¥¸É¨ ± Ê¸¨²¥´¨Õ ¸É¥¶¥´¨ ³µ¤¨Ë¨± Í¨¨ ¸É·Ê±ÉÊ·Ò ´Ê±²µ´ .

� Ï¨ ·¥§Ê²ÓÉ ÉÒ ¶µ§¢µ²ÖÕÉ É ±¦¥ É¥µ·¥É¨Î¥¸±¨ µ¡µ¸´µ¢ ÉÓ ±µ´Í¥¶Í¨Õ
Ô¢µ²ÕÍ¨¨ ¸É·Ê±ÉÊ·Ò ´Ê±²µ´ , ´ Ìµ¤ÖÐ¥£µ¸Ö ¢ Ö¤¥·´µ³ µ±·Ê¦¥´¨¨, ¢ ¢¨¤¥
¤¢ÊÌ ¸É ¤¨°: 1) A ≤ 4 ¨ 2) A > 4. ‚Éµ· Ö ¸É ¤¨Ö Ô¢µ²ÕÍ¨¨ ¶·µÉ¥± ¥É
´¥§ ¢¨¸¨³µ µÉ x ¨ ¸µµÉ¢¥É¸É¢Ê¥É ¸É¥¶¥´¨ ³µ¤¨Ë¨± Í¨¨ M = 2. ‡ ¢¨¸¨³µ¸ÉÓ
¢¥²¨Î¨´Ò ÔËË¥±É  µÉ A µ¶¨¸Ò¢ ¥É¸Ö ¢ · ³± Ì É· ¤¨Í¨µ´´ÒÌ · ¸¸³µÉ·¥´¨°
Ö¤¥·´µ° ¸É·Ê±ÉÊ·Ò.

� ¸¸³µÉ·¥´¨¥ ±² ¸¸  ³µ¤¨Ë¨± Í¨° ¨ ¢¢¥¤¥´¨¥ ±µ´Í¥¶Í¨¨ Ô¢µ²ÕÍ¨¨
¸É·Ê±ÉÊ·Ò ´Ê±²µ´  ¢ ¢¨¤¥ ¤¢ÊÌ ¸É ¤¨° µ± § ²¨¸Ó ·¥Ï ÕÐ¨³¨ ¤²Ö ¶µ´¨³ ´¨Ö
± ± ¶·¨·µ¤Ò …Œ‘-ÔËË¥±É , É ± ¨ ¶·¨Î¨´ ´¥Ê¤ Î´µ£µ µ¶¨¸ ´¨Ö ÔËË¥±É  ¸
¶µ³µÐÓÕ ³´µ¦¥¸É¢  ³µ¤¥²¥°, ¶·¥¤²µ¦¥´´ÒÌ ¸ ³µ³¥´É  ¥£µ µ¡´ ·Ê¦¥´¨Ö ¨
¤µ ´ ¸ÉµÖÐ¥£µ ¢·¥³¥´¨. �ËË¥±É …Œ‘ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° Î ¸É´Ò° ¸²ÊÎ °
³µ¤¨Ë¨± Í¨°, · ¸¸³µÉ·¥´´ÒÌ ¤²Ö µ¡² ¸É¨ A ≤ 4. �µ¢Éµ·¥´¨¥ ± ·É¨´Ò ÔË-
Ë¥±É , ¶µ²ÊÎ¥´´µ£µ ¢ · ¸Î¥É Ì ¤²Ö É·¥Ì´Ê±²µ´´µ° ¸¨¸É¥³Ò, ¢ ÉÖ¦¥²ÒÌ Ö¤· Ì
³µ¦¥É ¸¢¨¤¥É¥²Ó¸É¢µ¢ ÉÓ µ¡ µ¤¨´ ±µ¢µ° Éµ¶µ²µ£¨¨ Ö¤¥·´ÒÌ ¸¨² ¶·¨ A = 3 ¨
¶·¨ A > 4.
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‚ § ±²ÕÎ¥´¨¥  ¢Éµ·Ò ¡² £µ¤ ·ÖÉ �.Œ. � ²¤¨´ , ‘.‚. �±Ê²¨´¨Î¥¢ ,
Œ. � °¥· , ‘.ƒ. �µ´¤ ·¥´±µ, ‘.Œ. „µ·±¨´ , Š.�. Š § ±µ¢ , ‹.�. Š ¶É ·Ö,
‚.�. Š ·³ ´µ¢ , ‘.�. ŠÊ² £¨´ , �. Œ¨·-Š ¸¨³µ¢ , ‚.�. �¨±µ² ¥¢ , ‚.�. �µ-
¢µ¦¨²µ¢ , Œ.‚. �§Ö´¨´ , Š. ‘ ¨Éµ, Š. –Ê¸¨³Ê, Š. —¨µË¨ ¤¥£²¨ �ÉÉ¨,
‚. ˜ °¤  §  ¶µ²¥§´Ò¥ µ¡¸Ê¦¤¥´¨Ö ·Ö¤  ¢µ¶·µ¸µ¢, · ¸¸³µÉ·¥´´ÒÌ ¢ ´ ¸Éµ-
ÖÐ¥³ µ¡§µ·¥.
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’µ³¸±¨° ¶µ²¨É¥Ì´¨Î¥¸±¨° Ê´¨¢¥·¸¨É¥É, ’µ³¸±

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

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

‚‚…„…�ˆ…

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

η8 =
1√
6
(uū+ dd̄− 2ss̄),

η1 =
1√
3
(uū+ dd̄− ss̄), (1)

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

η = η8 cos θp − η1 sin θp,

η′ = η8 sin θp + η1 cos θp, (2)

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

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

π +A→ p+ ηA
′ (3)

¢¡²¨§¨ ¥¥ ¶µ·µ£  ´¥ ¤ ² µ¶·¥¤¥²¥´´µ£µ ·¥§Ê²ÓÉ É  [5]. �¡´ ·Ê¦¥´´Ò° ¶¨± ¢
Ô´¥·£¥É¨Î¥¸±µ³ ¸¶¥±É·¥ ¶·µÉµ´µ¢ µÉ ·¥ ±Í¨¨ 16O(π+, p) µ± § ²¸Ö ´¨¦¥ ¶·¥¤-
¸± §Ò¢ ¥³µ£µ ¶¨±  µÉ ·¥ ±Í¨¨ 16O(π+, p)15ηO ¢ É·¨ · § . �¥ ± ¸ Ö¸Ó ¤¥É ²¥°
Ô±¸¶¥·¨³¥´É , § ³¥É¨³, ÎÉµ · ¸¸Î¨É ´´Ò¥ ¢ · ¡µÉ¥ [3] Ï¨·¨´Ò η-Ö¤¥·, µÉ
±µÉµ·ÒÌ ´¥¶µ¸·¥¤¸É¢¥´´µ § ¢¨¸ÖÉ ¢ÒÎ¨¸²¥´´Ò¥ ¢Ò¸µÉÒ Ê¶µ³Ö´ÊÉÒÌ ¶¨±µ¢,
¶µ¤¢¥·£²¨¸Ó §´ Î¨É¥²Ó´µ° ±·¨É¨±¥ [6,7]. „·Ê£µ° Ô±¸¶¥·¨³¥´É ¶µ ¤¢µ°´µ°
¶¥·¥§ ·Ö¤±¥ ¶¨µ´µ¢ ¢ ·¥ ±Í¨¨

π+ + 18O→ π− + 18Ne,

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

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

γ +A→ N + ηA
′ (4)

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

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

1. η-Ÿ„�� ˆ ˆ• ‘‚�‰‘’‚�

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

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

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

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

f(ηp→ ηp) = f(ηn→ ηn) (6)

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

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

lim
qn→0

f(ηN → ηN) = a0. (7)

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

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

ρ(r) =


3

4πr30
, r ≤ R,

0, r > R,
(8)

£¤¥

R = r0A
1/3 (9)

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

−∇
2

2µ
+ U(r)

]
ϕn`(r) = En` ϕn`(r) (10)

¸ ±µ³¶²¥±¸´µ° ¸µ¡¸É¢¥´´µ° Ô´¥·£¨¥°

En` =

(
−ε− 1

2
iΓ

)
n`

, (11)

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

ϕn`(r) =

∞∑
`=0

un`(r)

r
· P`(cos θ),

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

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

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

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

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

1, 3 < r0 < 1, 4 Ë³.

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

R2
Ô± =

5

3
〈r2〉. (13)

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

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

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

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

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

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

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

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

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

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

MR = M3He +mη − 7 ŒÔ‚/¸2

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

Γ = 5− 25 ŒÔ‚.

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

¨ Ï¨·¨´µ°

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

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

3
ηHe 1s 6,2 + 7,00i 2,23 + 5,50i

4
ηHe 1s 28,3 + 18,8i 17,5 + 16,85i

11
ηB 1s 38,1 + 18,0i 27,5 + 16,75i

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

12
ηC 1s 38,2 + 17,7i 28,0 + 16,65i

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

15
ηN 1s 40,7 + 17,9i 30,2 + 16,85i

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

16
ηO 1s 41,2 + 17,9i 30,6 + 16,82i

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

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

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

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

a0 = 0, 880 + 0, 274i Ë³, (15)

Éµ ¨§ ´ Ï¥° ³µ¤¥²¨ ¶µ²ÊÎ¨³

ε = 6, 2 ŒÔ‚, Γ = 14, 0 ŒÔ‚. (16)

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

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

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

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

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

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

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

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

γ + p→ η + p (18)

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

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

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

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

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

S11 1537 160 2,05 Å 0,5 0,4

P11 1440 350 Å 0,25 Å Å

D13 1518 100 0,04 0,35 Å Å

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

γ + n→ η + n (20)

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

S11 : E
(n)
0+ =−0, 848 E

(p)
0+ ,

P11 : M
(n)
1− =−0, 722 M

(p)
1− ,

D13 : E
(n)
2− =−0, 538 E

(p)
2− , M

(n)
2− = −2, 2 M

(p)
2−

(21)

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

σ(γn→ ηn) ≈ 0, 70 σ(γp→ ηp), (22)

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

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

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

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

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

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

〈f |T̂γη|i〉 =
√
A

〈
ψf

∣∣∣∣∣
A∑
n=1

Φ∗N (xA) ei(k−q)rn t̂nελ

∣∣∣∣∣ψi
〉
. (24)

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

t̂λn = [Ks +Kvτ3 + Lsσ + Lvστ3]
λ
n,

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

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

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

〈f |T̂γη|i〉 =
√
A
〈
ψf

∣∣∣Φ∗N (xA) ei(k−q)rA t̂Aελ

∣∣∣ψi〉+ ∆, (25)
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∆ =
√
A

〈
ψf

∣∣∣∣∣
A−1∑
m=1

Φ∗N (xA) ei(k−q)rm t̂mελ

∣∣∣∣∣Ψi

〉
. (26)

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

Qf = −pi, (27)

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

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

|(1s)3; (1p)A−4〉,

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

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

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

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

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

〈f |T̂γη|i〉 =
√

8
∑

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

f
,Sz
f
,m,τ

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

×〈LfLzf , 1m|00〉
〈
SfS

z
f ,

1

2
ξ|00

〉〈
TfT

z
f ,

1

2
τ |00

〉
×

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

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

Hαβ
ξτ (λ) =

∑
s,t

χ+
β (t)χ+

α (s)tλA(s, t)χξ(s)χτ (t); (31)

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

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

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

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

D̃1m(Qf ) =

∫
d3rΦ(−)∗

p (r) ei(k−q)r ϕ1m(r), (32)

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

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

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

Φ(−)
pf

(r) = exp

[
1

β
(−iVR + VI)d(r)

]
exp (ipfr), (33)

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

D̃1m = fD1m,

f(VR, VI) =

∫
d3x

3

4πR3
exp

[
1

β
(−iVR + VI)d(x)

]
=

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

z = 2R

[
iVR − VI

β

]
; y = RA−1/3

[
iVR − VI

β

]
.

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

D1m(Qf ) =

∫
ei(k−q−pf )r ϕ1m(r)d3r

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

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

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

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

11B∗(Jp = (1/2)−, T = 1/2), (35 )

11B∗(Jp = (3/2)−, T = 1/2) (35¡)

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

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

γ + 12C→ η + p+ 11Bµ.¸. (36)

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

d3σ

dΩηdΩpdq0
=

64

9
K3

∑
λ

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

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

F (Qf ) = π3/2r30(Qfr0)
2 exp (−Q2

fr
2
0), (37)

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

K3 = (2π)−5
|q|q0p2

fp0fQ0f

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

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

,   θ Å Ê£µ²

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

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

d3σ

dΩηdΩpdq0
=

32

9
K3

∑
λ

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

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

d3σ

dΩηdΩpdq0
= K3

∑
λ

(|Kp(λ)|2 + |Lp(λ)|2)F (Qf )|f |2 ×

×
[
64

9
(1 + α) +

32

9
(1 + β)

]
,

α =
1

Sα(0)

∑
ε

Sα(ε), β =
1

Sβ(2, 13)

∑
ε

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

α =
0, 756

2, 5
≈ 0, 3; β = 0.

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

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

γ + 16O→ η + p+ 15Nµ.¸ (41)

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

d3σ

dΩηdΩpdq0
=

16

3
K3

∑
λ

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

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

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

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

d3σ

dΩηdΩpdq0
=

32

3
K3

∑
λ

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

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

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

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

γ + 4He→ η + p+ T (43)

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

d3σ

dΩηdΩpdq0
= 8K3

∑
λ

(|Kp(λ)|2 + |Lp(λ)|2) F (Qf)

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

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

r̃20 = r20
A

A− 1
(44)

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

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

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

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

K̃3 = (2π)−5 q2|pf |P0fQ0fq0

|q|Q0f − q0(|k− pf | cos θ̃ − |q|)
,

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

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

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

¶·¨ k0 = 720 ŒÔ‚, θη = 10◦ ´ ¤

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

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

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

3. ”�’���†„…�ˆ… ‹…ƒŠˆ• η-Ÿ„…�

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

γ +A→ η +A′ + . . .→ ηA
′ + . . . ,

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

γ +A→ N + ηA
′.

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

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

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

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

γ + 4He→ p+ ηT , (45)

γ + 4He→ n+ 3
ηHe. (46)

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

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

E = (2, 30 + i5, 50) ŒÔ‚.

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

〈f |T̂ηA|i〉 = (−1)α+ξ+1
∑
s

χ+
α (s)t̂λp (s)χξ(s)G00(Qf ), (47)

G00(Qf ) = f(VR, VI)

∫
d3r eiQf r ϕ00(r)ϕ

1s
η (r), (48)
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£¤¥ Qf = k − pf Å ¶¥·¥¤ ´´Ò° η-Ö¤·Ê ¨³¶Ê²Ó¸; ϕ00 = R00

(
r
r0

)
N0√
4π

Å

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

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

G00(Qf ) = f

√
16π

Q2
fr

3
0

∞∫
0

dr · r sin(Qfr) e
− r2

2r20 ϕ1s
η (r) = f

√
16π

Q2
fr

3
0

I0s(Qf ).

(49)

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

dσ

dΩp
=

16
√
π

Q2
fr

3
0

K2

∑
λ

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

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

K2 = (2π)−2
p2
fp0fQ0f

|pf |(k0 +Q0i)− k0p0f cos θp
. (51)

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

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

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

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

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

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

γ + 4He→ p+ η + T, (52)

γ + 4He→ n+ η + 3He (53)

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

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

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

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

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

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

E = (17, 5 + i16, 9) ŒÔ‚

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

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

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

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

γ + 4He→ p+ . . . (54)

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

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

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

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

〈f |T̂ 1s
ηA|i〉 =

√
A− 4

〈
ψf |ϕ

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

〉
=

=

√
A− 4

12

∑
m,ξ

(−1)ξ−Jf+m
〈

1m,
1

2
ξ

∣∣∣∣ Jf −Mf

〉
Hαβ
ξτ (λ)G0

1m(Qf ), (55)

£¤¥

G0
1m(Qf ) = f

∫
d3r1 eiQf r1ϕ1m(r1)ϕ

∗1s
η (r1) =

= f · i4πN1Y
1
m(Q̂f )

1

Q2
f

· I0p(Qf ); (56)
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N1 =

[
8

3r50
√
π

]1/2
, (57)

I0p(Qf ) =

∫
dr1r1[sin(Qfr1)−Qfr1 cos(Qfr1)]ϕ

∗1s
η (r1) e−r

2
1/2r

2
0 , (58)

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

„¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨°

γ + 12C→ p+ 11
ηBµ.¸(1s), (59)

γ + 16O→ p+ 15
ηNµ.¸(1s), (60)

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

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

dσ

dΩp
= K2

z
√
π

Q4
fr

5
0

∑
λ

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

¶·¨Î¥³ ¤²Ö ·¥ ±Í¨¨ (59)
z = 128/9,

  ¤²Ö ·¥ ±Í¨¨ (60)
z = 32/3.

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

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

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

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

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

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

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

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

„¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨

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

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

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

dσ

dΩp
= K2

z
√
π

Q4
fr

5
0

∑
λ

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

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

γ + 16O→ p+ 15
ηN
∗(1s), (64)

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

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

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

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

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

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

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

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

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

γ +Ai → N + ηA
′(1p) (65)

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

〈f |T̂ 1p
ηA|i〉 =

√
A− 4

12

∑
m,ξ,ν

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

×Hατ
ξτ (λ)G1ν

1m(Qf ). (66)

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

G1ν
1m(Qf ) = 4πNlNη

∞∑
κ=0

κ∑
n=−κ

(i)κY κn (Ĝf )

∫∫
Ωr

[Y κn (r̂)]∗Y 1
m(r̂)Y 1

ν (r̂)dΩr×

×
∞∫
0

jκ(Qfr)r e−r
2/2r2

0
u1(r)

r
r2dr. (67)

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

¢¥¸É¨ ± ¢¨¤Ê

G1ν
1m(Qf ) = NlNη

[
I10(Qf )−

√
24π

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

]
.

(68)

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

I1κ(Qf ) =

∞∫
0

jκ(Qfr) e−r
2/2r2

0 u1(r)r
2dr, (69)

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

ϕ1ν
η (ṙ) = Nη

u1(r)

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

γ + 12C→ p+ 11
ηB
∗(1p), (71)

γ + 16O→ p+ 15
ηN
∗(1p), (72)

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

dσ

dΩp
= z · K2

|Nη|2
r50
√
π

∑
λ

(|Kp(λ)|2 + |Lp(λ)|2)×

×
{

5|I10(Qf )|2 + [
√

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

+
26 + 2

√
2(5− 9 cos2 θ)

3
|I12(Qf )2

}
, (73)

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

z = 16/9,

  ¤²Ö ·¥ ±Í¨¨ (72)
z = 8/3.

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

γ +Ai → N + ηA
′(1s). (74)

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

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

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

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

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

ηB
∗, 15

ηN
∗ ¢µ ¢¸¥¢µ§-

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

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

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

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

´¥Î´µ³ ¸µ¸ÉµÖ´¨¨



1426 ’�Ÿ‘“—Þ‚ ‚.A.

‡�Š‹�—…�ˆ…

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

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

�¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸c²¥¤µ¢ ´¨°, „Ê¡´ 

•.ƒ.�µ²¥´

ˆ´¸É¨ÉÊÉ ¨³. ƒ ´  Å Œ °É´¥·, �¥·²¨´, ƒ¥·³ ´¨Ö

„ ´´ Ö · ¡µÉ  ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¢Éµ·ÊÕ Î ¸ÉÓ µ¡§µ·  (¸³. [234]) µ ¸¢µ°¸É¢ Ì ²¥£±¨Ì
´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ Ö¤¥·. �´  ¶µ¸¢ÖÐ¥´  cÉ·Ê±ÉÊ·¥ ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ ¨§µÉµ¶µ¢ ²¥£±¨Ì Ô²¥-
³¥´Éµ¢ ¸ 2 ≤ Z ≤ 5 (¨§µÉµ¶Ò 6,7,8,9,10He, 10,11Li, 11,12,13,14Be ¨ 14,15,16B). ‚ µ¡§µ·¥
µÉ· ¦¥´Ò ·¥§Ê²ÓÉ ÉÒ, µ¶Ê¡²¨±µ¢ ´´Ò¥ ¤µ Ö´¢ ·Ö 1999 £. ‘ ³Ò¥ ¶µ¸²¥¤´¨¥ ·¥§Ê²ÓÉ ÉÒ ¶µ²Ê-
Î¥´Ò ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ · ¤¨µ ±É¨¢´ÒÌ Ô±§µÉ¨Î¥¸±¨Ì ³¨Ï¥´¥°, É ±¨Ì, ± ± 14C ¨ 10Be,   É ±¦¥
· ¤¨µ ±É¨¢´ÒÌ ¶ÊÎ±µ¢. �·¥¤¸É ¢²¥´  ¨´Ëµ·³ Í¨Ö, ±µÉµ· Ö ¶µ§¢µ²Ö¥É ¶µ²ÊÎ¨ÉÓ ¶·¥¤¸É ¢²¥´¨¥
µ ¸¢µ°¸É¢ Ì ²¥£±¨Ì Ö¤¥· ´  £· ´¨Í¥ ´¥°É·µ´´µ° ¸É ¡¨²Ó´µ¸É¨. „²Ö · ¸¶µ²µ¦¥´´ÒÌ Ê £· ´¨Í
´¥°É·µ´´µ° ¸É ¡¨²Ó´µ¸É¨ Ö¤¥· µ¡´ ·Ê¦¥´Ò ´¥µ¡ÒÎ´Ò¥ Ö¢²¥´¨Ö (´¥°É·µ´´µ¥ £ ²µ, ´¥°É·µ´´ Ö
®ÏÊ¡ ¯, µ¸µ¡¥´´µ¸É¨ ¢ ¶µ¸²¥¤µ¢ É¥²Ó´µ¸É¨ § ¶µ²´¥´¨Ö µ¡µ²µÎ¥± ¨ ¤·.). �·µ¢µ¤¨É¸Ö ¸· ¢´¥´¨¥
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¸ · ¸Î¥É ³¨ ¢ · ³± Ì ¸ÊÐ¥¸É¢ÊÕÐ¨Ì É¥µ·¥É¨Î¥¸±¨Ì ³µ¤¥²¥°.

The present work is the second part of a review [234] dedicated to the properties of light
neutron-rich nuclei. It deals with the structure of isotopes of the lightest elements with 2 ≤ Z ≤ 5
(the isotopes 6,7,8,9,10He, 10,11Li, 11,12,13,14Be and 14,15,16B). Information has been included
from papers published up to January 1999. The latest results have been obtained with the use of exotic
targets, such as 14C and 10Be, as well as radioactive nuclear beams. This information sheds light on
the properties of light nuclei located close to the neutron dripline. For such nuclei unusual properties
have been observed (neutron halo, neutron skin, energy level inversion, etc.). The experimental data
are compared to calculations done within the existing theoretical approaches.

‚‚…„…�ˆ…

ˆ´É¥·¥¸ ± ²¥£±¨³ ´¥°É·µ´µ¨§¡ÒÉµÎ´Ò³ Ö¤· ³ µ¡ÑÖ¸´Ö¥É¸Ö µ¡´ ·Ê¦¥´¨¥³
¨Ì ´¥µ¡ÒÎ´ÒÌ ¸¢µ°¸É¢, µÉ²¨Î ÕÐ¨Ì¸Ö µÉ µ¡Ð¥¨§¢¥¸É´ÒÌ § ±µ´µ³¥·´µ¸É¥°.
�¤´ ±µ µ¸´µ¢´µ° ¨´É¥·¥¸ ± ¨¸¸²¥¤µ¢ ´¨Õ ²¥£±¨Ì Ö¤¥· ¸¢Ö§ ´ ¸ ¢µ§³µ¦´µ¸ÉÓÕ
µ¶·¥¤¥²¥´¨Ö £· ´¨ÍÒ ´¥°É·µ´´µ° ¸É ¡¨²Ó´µ¸É¨ ¨ ¶µ²ÊÎ¥´¨¥³ ¨´Ëµ·³ Í¨¨ µ
¸¢µ°¸É¢ Ì Ô±§µÉ¨Î¥¸±¨Ì Ö¤¥· ¢¡²¨§¨ ÔÉ¨Ì £· ´¨Í.

� §¢¨É¨¥ É¥Ì´¨±¨ ¶µ²ÊÎ¥´¨Ö ¨´É¥´¸¨¢´ÒÌ ¶ÊÎ±µ¢ ÉÖ¦¥²ÒÌ ¨µ´µ¢, ¢ Éµ³
Î¨¸²¥ ¶·µ³¥¦ÊÉµÎ´ÒÌ ¨ ¢Ò¸µ±¨Ì Ô´¥·£¨°, ¨ ¶µ¸²¥¤ÊÕÐ¨¥ Ô±¸¶¥·¨³¥´ÉÒ ´ 
ÔÉ¨Ì ¶ÊÎ± Ì ¶·¨¢¥²¨ ± µ¡´ ·Ê¦¥´¨Õ ´µ¢ÒÌ ¸¢Ö§ ´´ÒÌ ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ
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Ö¤¥·. ‚ µ¡² ¸É¨ ²¥£Î °Ï¨Ì Ö¤¥· ¡Ò²¨ µ¡´ ·Ê¦¥´Ò É ±¦¥ Ö¤· , · ¸¶µ²µ-
¦¥´´Ò¥ §  £· ´¨Í¥° ´¥°É·µ´´µ° ¸É ¡¨²Ó´µ¸É¨, É.¥. ´¥°É·µ´´µ-´¥¸É ¡¨²Ó´Òe
Ö¤· , ±µÉµ·Ò¥ ¦¨¢ÊÉ ¤µ¸É ÉµÎ´µ ¤µ²£µ ¨ ¶·µÖ¢²ÖÕÉ¸Ö ¢ ¢¨¤¥ ·¥§µ´ ´¸µ¢. ˆ§
¨§¢¥¸É´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¸²¥¤Ê¥É, ÎÉµ ²¨ÏÓ ¤²Ö µ¡² ¸É¨ ¸ ³ÒÌ
²¥£±¨Ì Ô²¥³¥´Éµ¢ (Z < 10) ³µ¦´µ ¸¤¥² ÉÓ µ±µ´Î É¥²Ó´Ò¥ ¢Ò¢µ¤Ò µ ¶µ²µ¦¥-
´¨¨ £· ´¨ÍÒ ´¥°É·µ´´µ° ¸É ¡¨²Ó´µ¸É¨.

ˆ¸¶µ²Ó§Ê¥³Ò¥ ¤²Ö ¶·¥¤¸± § ´¨Ö ¸É ¡¨²Ó´µ¸É¨ Ö¤¥· ³ ¸¸µ¢Ò¥ Ëµ·³Ê²Ò ´¥
¤ ÕÉ µ¤´µ§´ Î´µ° ¨´Ëµ·³ Í¨¨ µ ¶µ²µ¦¥´¨¨ £· ´¨ÍÒ ´¥°É·µ´´µ° ¸É ¡¨²Ó-
´µ¸É¨, ¶µ¸±µ²Ó±Ê µ´¨ µ¸´µ¢ ´Ò ´  ´ Ï¨Ì §´ ´¨ÖÌ µ ¸¢µ°¸É¢ Ì Ö¤¥· ¢¡²¨§¨
²¨´¨¨ β-¸É ¡¨²Ó´µ¸É¨. �µÔÉµ³Ê ¨´É¥·¥¸ ± ¶·Ö³Ò³ Ô±¸¶¥·¨³¥´É ³ ¶µ ¨§ÊÎ¥-
´¨Õ ¸É·Ê±ÉÊ·Ò ²¥£±¨Ì Ö¤¥· ´  £· ´¨Í¥ ´Ê±²µ´´µ° ¸É ¡¨²Ó´µ¸É¨ ¢¸¥£¤  ¡Ò²
¢¥²¨±. �µ¢Ò¥ ¢µ§³µ¦´µ¸É¨ ¢ ÔÉ¨Ì ¨¸¸²¥¤µ¢ ´¨ÖÌ,   É ±¦¥ ¢ ¨¸¸²¥¤µ¢ ´¨ÖÌ
Ö¤¥·´ÒÌ ·¥ ±Í¨° ¶µ¤ ¤¥°¸É¢¨¥³ Ô±§µÉ¨Î¥¸±¨Ì Ö¤¥·, µÉ±·Ò¢ ÕÉ ¢Éµ·¨Î´Ò¥
¶ÊÎ±¨ · ¤¨µ ±É¨¢´ÒÌ Ö¤¥·.

�±¸¶¥·¨³¥´É ²Ó´µ¥ ¨§³¥·¥´¨¥ ³ ¸¸Ò Ö¢²Ö¥É¸Ö µ¤´¨³ ¨§ ´¥µ¡Ìµ¤¨³ÒÌ
Ê¸²µ¢¨° µ¶·¥¤¥²¥´¨Ö ¸É ¡¨²Ó´µ¸É¨ ¨ ¸¢µ°¸É¢ ¸² ¡µ¸¢Ö§ ´´ÒÌ Ö¤¥·. ‘Ì¥³Ò
Ê·µ¢´¥° ²¥£±¨Ì ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ Ö¤¥·, ± ± ¸É ¡¨²Ó´ÒÌ, É ± ¨ ´¥¸É ¡¨²Ó-
´ÒÌ ¶µ µÉ´µÏ¥´¨Õ ± · ¸¶ ¤Ê ¸ ¨¸¶Ê¸± ´¨¥³ ´¥°É·µ´µ¢, É ±¦¥ ¨³¥ÕÉ ¢ ¦-
´µ¥ §´ Î¥´¨¥ ¤²Ö µ¶·¥¤¥²¥´¨Ö ¸¢µ°¸É¢ Ô±§µÉ¨Î¥¸±¨Ì Ö¤¥·. �±¸¶¥·¨³¥´ÉÒ
¶µ ¨§ÊÎ¥´¨Õ ¸¢µ°¸É¢ Ô±§µÉ¨Î¥¸±¨Ì Ö¤¥· ¸ Ô±¸É·¥³ ²Ó´Ò³¨ §´ Î¥´¨Ö³¨ N/Z
(¸¨²Ó´µ Ê¤ ²¥´´ÒÌ µÉ ²¨´¨¨ β-¸É ¡¨²Ó´µ¸É¨), ¶·µ¢µ¤¨³Ò¥ ¢ · §´ÒÌ ² ¡µ· -
Éµ·¨ÖÌ ³¨· , ¶µ§¢µ²¨²¨ ¢ÒÖ¢¨ÉÓ ·Ö¤ ´¥µ¦¨¤ ´´ÒÌ Ö¢²¥´¨° Å ¸ÊÐ¥¸É¢µ¢ ´¨¥
´¥°É·µ´´µ£µ ¨ ¶·µÉµ´´µ£µ £ ²µ, ´µ¢ÒÌ µ¡² ¸É¥° ¤¥Ëµ·³ Í¨¨, ´µ¢ÒÌ É¨¶µ¢
· ¸¶ ¤ , µ¸µ¡¥´´µ¸É¨ ¢ ¶µ¸²¥¤µ¢ É¥²Ó´µ¸É¨ § ¶µ²´¥´¨Ö µ¡µ²µÎ¥± ¨ É.¤. �¥§-
Ê¸²µ¢´µ, ´ ¨¡µ²¥¥ Ö·±¨³ ¨§ ´¨Ì Ö¢²Ö¥É¸Ö ¸ÊÐ¥¸É¢µ¢ ´¨¥ ¢ ´¥±µÉµ·ÒÌ ²¥£±¨Ì
Ö¤· Ì ´¥°É·µ´´µ£µ £ ²µ. “¢¥²¨Î¥´¨¥ · ¤¨Ê¸  · ¸¶·¥¤¥²¥´¨Ö Ö¤¥·´µ£µ ¢¥Ð¥-
¸É¢  ¢ Ö¤· Ì Ê £· ´¨Í ´¥°É·µ´´µ° ¸É ¡¨²Ó´µ¸É¨ Ö¢¨²µ¸Ó ¶¥·¢Ò³ ¶·¨§´ ±µ³
£ ²µ ¢ Ô±§µÉ¨Î¥¸±¨Ì Ö¤· Ì. �µ±  ¨§¢¥¸É´Ò Éµ²Ó±µ ´¥¸±µ²Ó±µ Ö¤¥· ¸ ¤¢ÊÌ´¥°-
É·µ´´Ò³ £ ²µ (6He, 8He, 11Li, 14Be, 17B) ¨ ¢¸¥£µ ¤¢  Ö¤·  ¸ µ¤´µ´¥°É·µ´´Ò³
£ ²µ (11Be, 19C), ÌµÉÖ ¶·¥¤¸± §Ò¢ ¥É¸Ö ¸ÊÐ¥¸É¢µ¢ ´¨¥ ¨ ¤·Ê£¨Ì £ ²µµ¡· §´ÒÌ
Ö¤¥·.

‹Õ¡µ° ´µ¢Ò° Ô±¸¶¥·¨³¥´É ²Ó´Ò° ·¥§Ê²ÓÉ É ¤²Ö Ö¤¥· ¸ ´¥µ¡ÒÎ´Ò³ ¸µ-
µÉ´µÏ¥´¨¥³ N/Z ¶·¥¤¸É ¢²Ö¥É ¸ ³µ¸ÉµÖÉ¥²Ó´Ò° ¨´É¥·¥¸ ¨ Ö¢²Ö¥É¸Ö É ±¦¥
¨¸ÉµÎ´¨±µ³ ¨´Ëµ·³ Í¨¨, ´¥µ¡Ìµ¤¨³µ° ¤²Ö ¶·µ¢¥·±¨ ¨ · §¢¨É¨Ö ¸ÊÐ¥¸É¢ÊÕ-
Ð¨Ì É¥µ·¥É¨Î¥¸±¨Ì ³µ¤¥²¥°.

‚ ¸¢Ö§¨ ¸ ¨´É¥´¸¨¢´Ò³ ´ ±µ¶²¥´¨¥³ ´µ¢µ° ¨´Ëµ·³ Í¨¨ µ ¸¢µ°¸É¢ Ì ²¥£-
Î °Ï¨Ì Ö¤¥· ³Ò ¶µ¸Î¨É ²¨ ´¥µ¡Ìµ¤¨³Ò³ ´ ¶¨¸ ÉÓ ´ ¸ÉµÖÐ¨° µ¡§µ·, ¢ ±µ-
Éµ·µ³ ¶µ¸É · ²¨¸Ó ¶·¥¤¸É ¢¨ÉÓ ¶µ²ÊÎ¥´´Ò¥ ¢ ¶µ¸²¥¤´¨¥ ´¥¸±µ²Ó±µ ²¥É ¤ ´-
´Òe µ ¸É·Ê±ÉÊ·¥ ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ ¨§µÉµ¶µ¢ ²¥£±¨Ì Ô²¥³¥´Éµ¢, ¡µ²ÓÏ¥
¢¸¥£µ ¶·¨¢²¥± ÕÐ¨Ì ¢´¨³ ´¨¥ Ô±¸¶¥·¨³¥´É Éµ·µ¢ ¨ É¥µ·¥É¨±µ¢. �Éµ ¨§µ-
Éµ¶Ò 6,7,8,9,10He, 10,11Li, 11,12,13,14Be ¨ 14,15,16B.
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1. ˆ‡�’��› ƒ…‹ˆŸ

ˆ§µÉµ¶Ò £¥²¨Ö ¶·¥¤¸É ¢²ÖÕÉ µ¸µ¡Ò° ¨´É¥·¥¸, ±µÉµ·Ò° µ¡ÑÖ¸´Ö¥É¸Ö ¶·¥-
¦¤¥ ¢¸¥£µ É¥³, ÎÉµ ¨³¥´´µ ¤²Ö ´¨Ì ¤µ¸É¨£´ÊÉ ´ ¨¡µ²ÓÏ¨° ´¥°É·µ´´Ò° ¨§¡Ò-
Éµ±: 8He (N/Z = 3) Å ´ ¨¡µ²¥¥ ´¥°É·µ´µ¨§¡ÒÉµÎ´Ò° ´Ê±²µ´´µ-¸É ¡¨²Ó´Ò°,
¨ 10He (N/Z = 4) Å ´Ê±²µ´´µ-´¥¸É ¡¨²Ó´Ò° ¨§µÉµ¶Ò, ±µ£¤ -²¨¡µ ´ ¡²Õ-
¤ ¢Ï¨¥¸Ö ¢ Ô±¸¶¥·¨³¥´É¥. ‚ É¥Î¥´¨¥ ³´µ£¨Ì ²¥É µ¤´µ° ¨§ ¶·¨¢²¥± É¥²Ó´ÒÌ
§ ¤ Î Ö¤¥·´µ° Ë¨§¨±¨ ¡Ò²  § ¤ Î  ¶µ¨¸±  10He.

‚ ¨§µÉµ¶ Ì £¥²¨Ö Ö·±µ ¶·µÖ¢²ÖÕÉ¸Ö Î¥É´µ-´¥Î¥É´Ò¥ ÔËË¥±ÉÒ: ¨§µÉµ¶Ò
¸ Î¥É´Ò³ Î¨¸²µ³ ´¥°É·µ´µ¢ 4He, 6He, 8He Å ´Ê±²µ´´µ-¸É ¡¨²Ó´Ò¥ (§ 
¨¸±²ÕÎ¥´¨¥³ 10He),   ¸ ´¥Î¥É´Ò³ Î¨¸²µ³ 5He, 7He, 9He Å ´Ê±²µ´´µ-
´¥¸É ¡¨²Ó´Ò¥. ’ ±¨³ µ¡· §µ³, ¨§µÉµ¶Ò 6He ¨ 8He ³µ¦´µ µÉ´¥¸É¨ ± É ±
´ §Ò¢ ¥³Ò³ ®¡µ··µ³¨´µ¢¸±¨³¯ Ö¤· ³ [1]; ¨Ì ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ± ± É·¥Ì-
Î ¸É¨Î´Ò¥ ¸É ¡¨²Ó´Ò¥ ¸¨¸É¥³Ò, ¢ ±µÉµ·ÒÌ ¸Éµ¨É Ê¡· ÉÓ µ¤´Ê ¨§ ¸µ¸É ¢´ÒÌ
Î ¸É¥°, ¨ µ¸É Éµ± ¡Ê¤¥É Ö¢²ÖÉÓ¸Ö ´¥¸É ¡¨²Ó´Ò³. Ÿ¤·µ 6He Ö¢²Ö¥É¸Ö ´ ¨¡µ²¥¥
²¥£±¨³ ¡µ··µ³¨´µ¢¸±¨³ Ö¤·µ³.

�¤´µ ¨§ ´ ¨¡µ²¥¥ ¨´É¥·¥¸´ÒÌ ¸¢µ°¸É¢ Ö¤¥·, µ¡´ ·Ê¦¥´´ÒÌ ¢ ¶µ¸²¥¤´¥¥
¢·¥³Ö, Å ´ ²¨Î¨¥ ´¥°É·µ´´µ£µ £ ²µ (neutron halo). Ÿ¤·  6He ¨ 8He µ¡² ¤ ÕÉ
£ ²µ ¢Éµ·µ£µ ·µ¤  [2]. �´µ Ö¢²Ö¥É¸Ö ·¥§Ê²ÓÉ Éµ³ µÎ¥´Ó ±µ³¶ ±É´µ£µ ±µ·  ¢
¢¨¤¥ α-Î ¸É¨ÍÒ. �·¨´ÖÉµ ¸Î¨É ÉÓ, ÎÉµ ÔÉ¨ Ö¤·  ¨³¥ÕÉ Éµ²¸ÉÊÕ ´¥°É·µ´´ÊÕ
®ÏÊ¡Ê¯ (neutron skin). ˆÌ ¨§ÊÎ¥´¨¥ ³µ¦¥É ¤ ÉÓ µÉ¢¥É ´  ¢µ¶·µ¸ o ¸ÊÐ¥¸É¢µ-
¢ ´¨¨ ¡µ²¥¥ Î¥³ ¤¢ÊÌ Î ¸É¨Í ¢ £ ²µ,   É ±¦¥ o ´ ²¨Î¨¨ ±µ··¥²ÖÍ¨°, ±µÉµ-
·Ò¥ ¶·¨¢µ¤ÖÉ ± ¶µÖ¢²¥´¨Õ ³Ê²ÓÉ¨´¥°É·µ´´ÒÌ ±² ¸É¥·µ¢. �·¥¤¶µ² £ ¥É¸Ö, ÎÉµ
Ô´¥·£¨Ö ¸¶ ·¨¢ ´¨Ö ¨£· ¥É ¢ ¦´ÊÕ ·µ²Ó ¢ ¸É·Ê±ÉÊ·¥ ´¥°É·µ´´µ-µ¡µ£ Ð¥´´ÒÌ
Ö¤¥·: ¸² ¡µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ³¥¦¤Ê ¤¢Ê³Ö ´¥°É·µ´ ³¨ ³µ¦¥É ¸ÊÐ¥¸É¢¥´´µ
Ê¢¥²¨Î¨ÉÓ¸Ö ¢ ¶µ²¥ É·¥ÉÓ¥° Î ¸É¨ÍÒ (Ö¤¥·´µ£µ ±µ· ), ¢ ·¥§Ê²ÓÉ É¥ Î¥£µ ´ 
¶µ¢¥·Ì´µ¸É¨ Ö¤·  ³µ¦´µ µ¦¨¤ ÉÓ µ¡· §µ¢ ´¨¥ ¤¨´¥°É·µ´´ÒÌ ±² ¸É¥·µ¢ [3].
‘ ÔÉµ° ÉµÎ±¨ §·¥´¨Ö µ¸µ¡Ò° ¨´É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É 8He. ‚ µÉ²¨Î¨¨ µÉ 6He ¨
11Li, ±µÉµ·Ò¥ ¨³¥ÕÉ ¶µ ¤¢  ´¥°É·µ´  ¢ ´¥°É·µ´´µ³ £ ²µ, 8He ¨³¥¥É Î¥ÉÒ·¥
¢ ²¥´É´ÒÌ ´¥°É·µ´  ¸¢¥·Ì Ö¤· -±µ·  (α-Î ¸É¨Í ). ‚µ§³µ¦´µ, µ´¨ ³µ£ÊÉ ¸£·Ê¶-
¶¨·µ¢ ÉÓ¸Ö ¢ µ¤¨´ ¨²¨ ¤¢  ¤¨´¥°É·µ´ , ¨²¨ ¤ ¦¥ ¢ É¥É· ´¥°É·µ´. …Ð¥ ¡µ²¥¥
¨´É¥·¥¸´Ò³ ¸ ÔÉµ° ÉµÎ±¨ §·¥´¨Ö ¤µ²¦¥´ ¡ÒÉÓ 10He, ¨³¥ÕÐ¨° Ï¥¸ÉÓ ´¥°É·µ-
´µ¢ ¸¢¥·Ì ±µ· . ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¨§ÊÎ¥´¨¥ ¸¢µ°¸É¢ · ¸¶ ¤  Ö¤¥·´ÒÌ Ê·µ¢´¥°,
²¥¦ Ð¨Ì ¢ÒÏ¥ ¶µ·µ£µ¢ ³Ê²ÓÉ¨´¥°É·µ´´µ° Ô³¨¸¸¨¨, ³µ¦¥É ¤ ÉÓ µÉ¢¥É ´  ¢µ-
¶·µ¸, ± ±¨³ µ¡· §µ³ ¨¸¶Ê¸± ÕÉ¸Ö ´¥°É·µ´Ò Å ± ± ¸±µ··¥²¨·µ¢ ´´Ò¥ ¶ ·Ò
¨²¨ ¶µ¸²¥¤µ¢ É¥²Ó´µ Î¥·¥§ ¶·µ³¥¦ÊÉµÎ´Ò¥ ·¥§µ´ ´¸Ò.

� ²¨Î¨¥ £ ²µ ¸¢Ö§ ´µ ¨ ¸ ¢µ§³µ¦´Ò³ ¶·µÖ¢²¥´¨¥³ ±µ²²¥±É¨¢´ÒÌ ¸µ-
¸ÉµÖ´¨°, ¶µ¤µ¡´ÒÌ £¨£ ´É¸±µ³Ê ·¥§µ´ ´¸Ê, ´µ ¶·¨ ³¥´ÓÏ¨Ì Ô´¥·£¨ÖÌ ¢µ§-
¡Ê¦¤¥´¨Ö. � ¶·¨³¥·, ¤²Ö Ö¤·  6He ¡Ò²¨ ¶·¥¤¸± § ´Ò ³Ö£±¨° ¤¨¶µ²Ó´Ò°
·¥§µ´ ´¸ ¶·¨ E∗ ∼ 5 ÷ 7 ŒÔ‚ [4],   É ±¦¥ ¸ÊÐ¥¸É¢¥´´µ¥ Ê³¥´ÓÏ¥´¨¥ Ô´¥·-
£¨¨ ¢¥±Éµ·´µ£µ £¨£ ´É¸±µ£µ ³µ´µ¶µ²Ó´µ£µ ·¥§µ´ ´¸  ¤µ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥-
´¨Ö µ±µ²µ 13 ŒÔ‚ [2]. �µÔÉµ³Ê, ¨´É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É É ±¦¥ ¶µ¨¸± ³Ö£±¨Ì
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±µ²²¥±É¨¢´ÒÌ ¢µ§¡Ê¦¤¥´¨° ¢ Ö¤· Ì 6He ¨ 8He. �¥µ¡Ìµ¤¨³µ µÉ³¥É¨ÉÓ, ÎÉµ
ÔÉ  § ¤ Î  Ö¢²Ö¥É¸Ö ²¨ÏÓ Î ¸É´Ò³ ¸²ÊÎ ¥³ ¶µ¨¸±  ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨°
¢ ¨§µÉµ¶ Ì £¥²¨Ö.

�±¸¶¥·¨³¥´É ²Ó´ Ö ¨´Ëµ·³ Í¨Ö µ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ ¢ ÔÉ¨Ì Ö¤· Ì
¤µ ´¥¤ ¢´¥£µ ¢·¥³¥´¨ ¡Ò²  ´¥¶µ²´µ°. �¡´ ·Ê¦¥´¨¥ ¢µ§¡Ê¦¤¥´´ÒÌ Ê·µ¢´¥°
¤ ¥É ¢ ¦´ÊÕ ¨´Ëµ·³ Í¨Õ µ ¶µ¸²¥¤µ¢ É¥²Ó´µ¸É¨ § ¶µ²´¥´¨Ö µ¡µ²µÎ¥± ¢ ÔÉ¨Ì
²¥£±¨Ì ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ Ö¤· Ì, ¶µ§¢µ²Ö¥É c¤¥² ÉÓ ¢Ò¢µ¤Ò µ ÉµÎ´µ¸É¨
¶·¥¤¸± § ´¨° ¸É ´¤ ·É´µ° µ¡µ²µÎ¥Î´µ° ³µ¤¥²¨ ¤²Ö ¸¶¨´µ¢ ¨ Î¥É´µ¸É¥° Ê·µ¢-
´¥°,   É ±¦¥ ´¥°É·µ´´ÒÌ Î¨¸¥², ¶·¨ ±µÉµ·ÒÌ § ¶µ²´ÖÕÉ¸Ö Ö¤¥·´Ò¥ µ¡µ²µÎ±¨.

�µÔÉµ³Ê ¢ ÔÉµ³ · §¤¥²¥ ³Ò ¶µ ¢µ§³µ¦´µ¸É¨ ¶µ¤·µ¡´µ ¶·¥¤¸É ¢¨³ ¸ÊÐ¥-
¸É¢ÊÕÐÊÕ ¨´Ëµ·³ Í¨Õ µ ¸É·Ê±ÉÊ·¥ Ö¤¥· 6He, 7He, 8He, 9He, 10He.

1.1. Ÿ¤·µ 6He. �¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ Ö¤·  6He Ö¢²Ö¥É¸Ö ¸É ¡¨²Ó´Ò³ ¶µ µÉ-
´µÏ¥´¨Õ ± · ¸¶ ¤Ê 4He+2n ´  0,975 ŒÔ‚ [5]. ‘É ¡¨²Ó´µ¸ÉÓ ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö
Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ ¸¶ ·¨¢ ´¨Ö ´Ê±²µ´µ¢ §  ¸Î¥É ¤µ¡ ¢²¥´¨Ö µ¤´µ£µ ´¥°É·µ´ 
± Ö¤·Ê 5He, Ê ±µÉµ·µ£µ ´¥Î¥É´µ¥ Î¨¸²µ ´¥°É·µ´µ¢.

‚ 6He ¨³¥¥É¸Ö ¢µ§¡Ê¦¤¥´´Ò° Ê·µ¢¥´Ó ¶·¨ E∗(2+) = 1, 797 ŒÔ‚. „·Ê£¨¥
Ê·µ¢´¨ ´ ¡²Õ¤ ²¨¸Ó Éµ²Ó±µ ¶·¨ E∗ > 13 ŒÔ‚.

“·µ¢¥´Ó 2+ ´¥ ¸¢Ö§ ´ ¶µ µÉ´µÏ¥´¨Õ ± · ¸¶ ¤Ê ¸ ¨¸¶Ê¸± ´¨¥³ ¤¢ÊÌ ´¥°-
É·µ´µ¢ ´  ∼ 0, 8 ŒÔ‚. ˆ§ · ¸¸³µÉ·¥´¨Ö Ô´¥·£¥É¨Î¥¸±µ° ¸Ì¥³Ò Ê·µ¢´¥° Ö¤¥·
4He, 5He ¨ 6He ³µ¦´µ ¸¤¥² ÉÓ ¢Ò¢µ¤, ÎÉµ ÔÉµÉ Ê·µ¢¥´Ó ¤µ²¦¥´ ¨¸¶ÒÉÒ¢ ÉÓ
¶·Ö³µ° · §¢ ² ´  4He + 2n. �É±·ÒÉÒ³ µ¸É ¥É¸Ö ¢µ¶·µ¸: ¸±µ··¥²¨·µ¢ ´Ò ²¨
ÔÉ¨ ¤¢  ´¥°É·µ´ ?

Š ± Ê¦¥ µÉ³¥Î ²µ¸Ó ¢ÒÏ¥, Ö¤·µ 6He ¶·¨´ ¤²¥¦¨É ± ±² ¸¸Ê Ö¤¥· ¸ £ ²µ
2-£µ ·µ¤ . �µÔÉµ³Ê ³µ¦´µ ¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ ¢ ´¥³ ¸ÊÐ¥¸É¢ÊÕÉ ´¨§±µ²¥¦ -
Ð¨¥ ±µ²²¥±É¨¢´Ò¥ ¸µ¸ÉµÖ´¨Ö, ¢ Éµ³ Î¨¸²¥ ¨ ³Ö£± Ö ¤¨¶µ²Ó´ Ö ³µ¤ . ’ ±¨³
µ¡· §µ³, ¸Ì¥³  Ê·µ¢´¥° 6He ¤µ²¦´  µÉ· ¦ ÉÓ ¸¢µ°¸É¢  ´¥°É·µ´´µ£µ £ ²µ.
�µ¨¸± ³ ÔÉ¨Ì ¸µ¸ÉµÖ´¨° ¶µ¸¢ÖÐ¥´ ·Ö¤ ± ± É¥µ·¥É¨Î¥¸±¨Ì, É ± ¨ Ô±¸¶¥·¨-
³¥´É ²Ó´ÒÌ · ¡µÉ.

�¥±µÉµ·Ò¥ Ê± § ´¨Ö ´  ´¨§±µ²¥¦ Ð¨° Ï¨·µ±¨° ·¥§µ´ ´¸ ¸ E∗ ∼ 7 ŒÔ‚
¡Ò²¨ ¶µ²ÊÎ¥´Ò ¢ · ¡µÉ¥ [6] ¢ ·¥ ±Í¨¨ 6Li(n, p)6He. �¤´ ±µ ¢ µ¸É ²Ó´ÒÌ
· ¡µÉ Ì, ±·µ³¥ [7], ÔÉµ³Ê ´¥ ¡Ò²µ ´ °¤¥´µ ¶µ¤É¢¥·¦¤¥´¨Ö.

�¢Éµ·Ò · ¡µÉÒ [7] ÊÉ¢¥·¦¤ ÕÉ, ÎÉµ ¢ ·¥ ±Í¨¨ 6Li(7Li, 7Be)6He ¶·¨
E(7Li) = 82 ŒÔ‚ µ´¨ ¸Ê³¥²¨ ¢Ò¤¥²¨ÉÓ Ï¨·µ±¨¥ ·¥§µ´ ´¸Ò ¢ µ¡² ¸É¨ ±µ´É¨-
´ÊÊ³ . �É¨ ·¥§µ´ ´¸Ò (·¨¸.1) ¸µµÉ¢¥É¸É¢ÊÕÉ Ô´¥·£¨Ö³ E∗ = 6, 12 ¨ 19 ŒÔ‚,
ÎÉµ ´¥ ¶·µÉ¨¢µ·¥Î¨É ·¥§Ê²ÓÉ ÉÊ, ¶µ²ÊÎ¥´´µ³Ê ¢ [6] ¤²Ö ·¥ ±Í¨¨ 6Li(n, p)6He.
‚¸¥ ·¥§µ´ ´¸Ò ¤µ¢µ²Ó´µ Ï¨·µ±¨¥. � ¶·¨³¥·, ·¥§µ´ ´¸ ¶·¨ E∗ ≈ 6 ŒÔ‚
¨³¥¥É Ï¨·¨´Ê Γ ≈ 4, 8 ŒÔ‚. ‘· ¢´¥´¨¥ ¨§³¥·¥´´µ£µ Ê£²µ¢µ£µ · ¸¶·¥¤¥²¥-
´¨Ö ¸ · ¸Î¥Éµ³, ¢ ±µÉµ·µ³ ÊÎ¨ÉÒ¢ ²¸Ö ¢±² ¤ µÉ µ¸´µ¢´µ£µ ¨ ¢µ§¡Ê¦¤¥´´µ£µ
Ê·µ¢´¥° 7Be, ¶µ± § ², ÎÉµ Ìµ·µÏ¥¥ ¸µ£² ¸¨¥ ¶µ²ÊÎ ¥É¸Ö, Éµ²Ó±µ ¥¸²¨ ¶·¥¤¶µ-
²µ¦¨ÉÓ, ÎÉµ ·¥§µ´ ´¸ ¶·¨ E∗ ≈ 6 ŒÔ‚ ¨³¥¥É ¤¨¶µ²Ó´Ò° Ì · ±É¥· (L = 1).
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�¨¸. 1. ‘¶¥±É· Ö¤·  6He, ¨§³¥·¥´´Ò° ¢ ·¥ ±Í¨¨ 6Li(7Li, 7Be)6He ¶·¨ Ô´¥·£¨¨ 82 ŒÔ‚
¨ θ = 3, 5◦ [7]: ±·¨¢ Ö 1 Å 4-Î ¸É¨Î´µ¥ (7Be, α, 2n) Ë §µ¢µ¥ ¶·µ¸É· ´¸É¢µ, ´µ·³ -
²¨§µ¢ ´´µ¥ ¶·¨ E∗ = 22 ŒÔ‚, ±·¨¢ Ö 2 Å ·¥§Ê²ÓÉ É ¢ÒÎ¥É  ±·¨¢µ° 1 ¨§ Ô±¸¶¥·¨³¥´-
É ²Ó´µ£µ ¸¶¥±É· 

�µÔÉµ³Ê ÔÉµÉ ·¥§µ´ ´¸ ¢ [7] · ¸¸³ É·¨¢ ²¸Ö ± ± ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ¶·¥¤¸± -
§ ´´µ³Ê ³Ö£±µ³Ê ¤¨¶µ²Ó´µ³Ê ·¥§µ´ ´¸Ê ¢ Ö¤·¥ 6He.

ŒÖ£±¨° ¤¨¶µ²Ó´Ò° ·¥§µ´ ´¸ ¡Ò² ¶·¥¤¸± § ´ ¤²Ö Ö¤·  6He ¢ µ¡² ¸É¨
Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö E∗ = 4 ÷ 7 ŒÔ‚ [4]. �¤´ ±µ Í¥²Ò° ·Ö¤ É¥µ·¥É¨Î¥-
¸±¨Ì · ¸Î¥Éµ¢, µ¶¨¸Ò¢ ÕÐ¨Ì ¢µ§¡Ê¦¤¥´´Ò¥ ¸µ¸ÉµÖ´¨Ö 6He, ´¥ ³µ£²¨ ¤ ÉÓ
µ¶·¥¤¥²¥´´Ò° µÉ¢¥É µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ¢ 6He 1−-·¥§µ´ ´¸ , ±µÉµ·Ò° ³µ£ ¡ÒÉÓ
µÉ´¥¸¥´ ± ³Ö£±µ° ¤¨¶µ²Ó´µ° ³µ¤¥ ¢µ§¡Ê¦¤¥´¨Ö (´ ¶·¨³¥·, [8Ä10]). ‚ · ¸-
Î¥É Ì ¸¶¥±É·  6He, ¶·µ¢¥¤¥´´ÒÌ ¢ [11], ¶·¨ ³ ²ÒÌ Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö
¡Ò²¨ µ¶·¥¤¥²¥´Ò ¤¢¥ ¸É·Ê±ÉÊ·Ò ·¥§µ´ ´¸´µ£µ É¨¶ : µ¤´  Ê§± Ö, ¸µµÉ¢¥É¸É¢Ê-
ÕÐ Ö Ìµ·µÏµ ¨§¢¥¸É´µ³Ê 2+-Ê·µ¢´Õ, ¨ ¢Éµ· Ö Ï¨·µ± Ö ¶·¨ E∗ ∼ 4, 5 ŒÔ‚,
¢ ±µÉµ·ÊÕ ¢±² ¤ ¤ ÕÉ ³Ö£±¨¥ ³µ¤Ò 1−, 2+, 1+ ¨ 0+. �¤´ ±µ ¶µ²ÊÎ¥´´Ò¥
Ì · ±É¥·¨¸É¨±¨ 1−-³Ö£±µ° ³µ¤Ò ´¥ ¶µ§¢µ²¨²¨ ´ §¢ ÉÓ ¥¥ ·¥§µ´ ´¸µ³.

�µÔÉµ³Ê ¢¥¸Ó³   ±ÉÊ ²Ó´µ° µ± § ² ¸Ó · ¡µÉ  [12], £¤¥ ¤²Ö ¶µ¨¸±  ¢µ§¡Ê¦-
¤¥´´ÒÌ Ê·µ¢´¥° 6He É ±¦¥ ¡Ò²  ¨¸¶µ²Ó§µ¢ ´  ·¥ ±Í¨Ö 6Li(7Li, 7Be)6He, ´µ
¶·¨ Ô´¥·£¨¨ 50 ŒÔ‚/�. ‚ ¨§³¥·¥´´ÒÌ Ô´¥·£¥É¨Î¥¸±¨Ì ¸¶¥±É· Ì ´ ¡²Õ¤ -
²¨¸Ó µ¸´µ¢´µ¥ ¨ ¶¥·¢µ¥ ¢µ§¡Ê¦¤¥´´µ¥ ¸µ¸ÉµÖ´¨Ö ¶·¨ E∗ = 1, 8 ŒÔ‚,  
É ±¦¥ É·¨ ¤·Ê£¨Ì Ï¨·µ±¨Ì ·¥§µ´ ´¸  ¶·¨ E∗ = (5, 6 ± 0, 3), (14, 6 ± 0, 7)
¨ (23, 3 ± 1, 0) ŒÔ‚ ¸ Ï¨·¨´ ³¨ Γ = 12, 1; 7, 4 ¨ 14, 8 ŒÔ‚. ˆ§³¥·¥´´Ò¥
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Ê£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö Ë¨É¨·µ¢ ²¨¸Ó DWBA-· ¸Î¥É ³¨. •µ·µÏ¥¥ ¸µ£² ¸¨¥
³¥¦¤Ê Ô±¸¶¥·¨³¥´Éµ³ ¨ · ¸Î¥Éµ³ ¶µ²ÊÎ¥´µ ¤²Ö ¸µ¸ÉµÖ´¨° ¸ E∗ = 0, 0, 1,8,
5,6 ¨ 14,6 ŒÔ‚, ¥¸²¨ ¶·¨´ÖÉÓ ¤²Ö ´¨Ì §´ Î¥´¨Ö Jπ = 0+

1 , 2+
1 , 2+

2 ¨ 1−1 (2−). ‚
·¥§Ê²ÓÉ É¥ ÔÉ¨Ì ¨¸¸²¥¤µ¢ ´¨° ´¥ ¡Ò²µ ¶µ¤É¢¥·¦¤¥´µ §´ Î¥´¨¥ Jπ = 1− ¤²Ö
Ê·µ¢´Ö 5,6 ŒÔ‚. �¥ ¨¸±²ÕÎ¥´µ, ÎÉµ µ´ ¸µµÉ¢¥É¸É¢Ê¥É ´¨§±µ²¥¦ Ð¥³Ê ±¢ ¤·Ê-
¶µ²Ó´µ³Ê ·¥§µ´ ´¸Ê, ±µÉµ·Ò° ´¥¤ ¢´µ ¡Ò² ¶·¥¤¸± § ´ ¤²Ö Ö¤¥· ¸ ´¥°É·µ´´µ°
ÏÊ¡µ° [13].

�¥¸µ³´¥´´µ, ¸É·Ê±ÉÊ·  Ö¤·  6He É·¥¡Ê¥É ¤ ²Ó´¥°Ï¥£µ ¨§ÊÎ¥´¨Ö, ¢ Éµ³
Î¨¸²¥ ¨ ¶µ ¶·¨Î¨´¥ Éµ£µ, ÎÉµ É¥µ·¥É¨Î¥¸±¨¥ · ¸Î¥ÉÒ ¢¥¸Ó³  ¶·µÉ¨¢µ·¥Î¨¢Ò
µÉ´µ¸¨É¥²Ó´µ Ô´¥·£¨° ¨ ¸¶¨´µ¢ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° [10Ä15].

‚ ¶·µ¡²¥³¥ ¨¸¸²¥¤µ¢ ´¨Ö £ ²µ ¢ Ö¤· Ì £¥²¨Ö ¶·¨´Í¨¶¨ ²Ó´Ò³ Ö¢²Ö¥É¸Ö
¢µ¶·µ¸ ¨§³¥·¥´¨Ö · ¤¨Ê¸µ¢ ÔÉ¨Ì Ö¤¥·. ˆ¸¸²¥¤µ¢ ´¨Õ · ¤¨Ê¸µ¢ Ö¤¥· £¥²¨Ö, ¢
Éµ³ Î¨¸²¥ ¨ 6He, ¶µ¸¢ÖÐ¥´µ ´¥¸±µ²Ó±µ · ¡µÉ. ‚¶¥·¢Ò¥ ¸¨¸É¥³ É¨Î¥¸±µ¥ ¨§-
³¥·¥´¨¥ · ¤¨Ê¸µ¢ £¥²¨¥¢ÒÌ Ö¤¥· ¶·µ¢¥¤¥´µ ¢ · ¡µÉ¥ [16]. �µ§¦¥ ¢ ·¥§Ê²ÓÉ É¥
¨§³¥·¥´¨Ö · ¤¨Ê¸µ¢ ¨§µÉµ¶µ¢ Li ¨ Be [17] ¡Ò²µ ¶µ± § ´µ, ÎÉµ ¨³¥¥É ³¥-
¸Éµ · §´¨Í  ¢ ´Ê±²µ´´ÒÌ · ¤¨Ê¸ Ì ¨§µ¡ · ¸ · §´Ò³¨ ¨§µ¸¶¨´ ³¨, 6He− 6Li,
8He− 8Li, ¢ Éµ ¢·¥³Ö ± ± ¢ §¥·± ²Ó´ÒÌ Ö¤· Ì 7Li− 7Be É ±µ° · §´¨ÍÒ ´¥É.
�o²ÓÏ¨¥ · ¤¨Ê¸Ò ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ Ö¤¥· 6He ¨ 8He ¶µ± § ²¨ ¢µ§³µ¦´µ¸ÉÓ
¸ÊÐ¥¸É¢µ¢ ´¨Ö Éµ²¸Éµ° ´¥°É·µ´´µ° ®ÏÊ¡Ò¯, ±µÉµ· Ö ¶·µÖ¢²Ö¥É¸Ö ¢ · §´¨Í¥
³¥¦¤Ê §´ Î¥´¨Ö³¨ Rprms ¨ Rnrms.

�·µ¢¥·±  £¨¶µÉ¥§Ò ¸ÊÐ¥¸É¢µ¢ ´¨Ö ´¥°É·µ´´µ° ®ÏÊ¡Ò¯ ¡Ò²  ¸¤¥² ´  ´ 
µ¸´µ¢¥ ±µ³¡¨´¨·µ¢ ´´µ£µ  ´ ²¨§  ¸¥Î¥´¨° ¢§ ¨³µ¤¥°¸É¢¨Ö (σI ) ¨§µÉµ¶µ¢ �¥
¨ ¸¥Î¥´¨° ¸·Ò¢  ¤¢ÊÌ ¨ Î¥ÉÒ·¥Ì ´¥°É·µ´µ¢ (σ−2n ¨ σ−4n) ¸ ¡µ³¡ ·¤¨·ÊÕÐ¨Ì
Ö¤¥· 6He ¨ 6He ´  Ê£²¥·µ¤´µ° ³¨Ï¥´¨. �µ± § ´µ, ÎÉµ ³¥¦¤Ê ÔÉ¨³¨ ¸¥Î¥´¨Ö³¨
¸ÊÐ¥¸É¢Ê¥É µ¶·¥¤¥²¥´´ Ö ¸¢Ö§Ó [18]. …¸²¨ 6He ¸µ¸Éµ¨É ¨§ ±µ·  (4He) ¶²Õ¸
¤¢  ´¥°É·µ´ , Éµ ¨³¥¥É ³¥¸Éµ ¸µµÉ´µÏ¥´¨¥

σ−2n(6He) = σI(
6He)− σI(4He).

ˆ§³¥·¥´´Ò¥ ¸¥Î¥´¨Ö ÔÉ¨Ì ·¥ ±Í¨° [16, 17, 19] ¤²Ö Ö¤¥· 6He ¨ 4He ¶µ¤É¢¥·¤¨²¨
¶·¥¤¶µ²µ¦¥´¨¥, ÎÉµ Ö¤·µ 4He Ö¢²Ö¥É¸Ö ±µ·µ³ ¤²Ö 6He.

�¤´ ±µ ¢ ¸²ÊÎ ¥ 8He ¶µ²ÊÎ¥´´Ò¥ ¸¥Î¥´¨Ö [16, 17, 19] ´¥ Ê¤µ¢²¥É¢µ·ÖÕÉ
¸µµÉ´µÏ¥´¨Õ

σ−2n(8He) = σI(
8He)− σI(6He),

µÉ±Ê¤  ¸²¥¤Ê¥É, ÎÉµ 6He ´¥ Ö¢²Ö¥É¸Ö ±µ·µ³ 8He. ‚ Éµ ¢·¥³Ö ¡Ò²µ ¶µ± § ´µ,
ÎÉµ ¸¥Î¥´¨Ö ¸²¥¤ÊÕÉ § ¢¨¸¨³µ¸É¨

σ−2n(8He) + σ−4n(8He) = σI(
8He)− σI(4He).

�Éµ µ§´ Î ¥É, ÎÉµ Ö¤·µ 8He É ±¦¥ ¨³¥¥É α-Î ¸É¨Î´Ò° ±µ· ¨ Î¥ÉÒ·¥ ´¥°É·µ´ 
¸¢¥·Ì ÔÉµ£µ ±µ· .

“Î¨ÉÒ¢ Ö, ÎÉµ 4He Ö¢²Ö¥É¸Ö ±µ·µ³ ¤²Ö Ö¤¥· 6He ¨ 8He, ¢ · ³± Ì £² Ê-
¡¥·µ¢¸±µ° ³µ¤¥²¨,   É ±¦¥ ·¥²ÖÉ¨¢¨¸É¸±µ° É¥µ·¨¨ ¸·¥¤´¥£µ ¶µ²Ö · ¸¸Î¨É ´Ò
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’ ¡²¨Í  1. ‘·¥¤´¥±¢ ¤· É¨Î´Ò¥ · ¤¨Ê¸Ò · ¸¶·¥¤¥²¥´¨Ö ´Ê±²µ´µ¢, ¶·µÉµ´µ¢ ¨
´¥°É·µ´µ¢ ¢ Ö¤· Ì 4He, 6He ¨ 8He. RI Å · ¤¨Ê¸Ò ¢§ ¨³µ¤¥°¸É¢¨Ö

Ÿ¤·µ 4He 6He 8He

RI , Ë³ [17] 1, 41± 0, 03 2, 18± 0, 02 2, 48± 0, 03

Rmrms, Ë³ [20] 1, 57± 0, 04 2, 48± 0, 03 2, 52± 0, 03

Rnrms, Ë³ 1, 63± 0, 03 2, 59± 0, 04 2, 69± 0, 04

Rprms, Ë³ [21] 1, 63± 0, 03 1, 72± 0, 04 1, 76± 0, 03

Rmrms, Ë³ 1, 63± 0, 03 2, 33± 0, 04 2, 49± 0, 04

∆Rrms, Ë³ 0 0, 87± 0, 06 0, 93± 0, 06

´Ê±²µ´´Ò¥, ¶·µÉµ´´Ò¥ ¨ ´¥°É·µ´´Ò¥ ¸·¥¤´¥±¢ ¤· É¨Î´Ò¥ · ¤¨Ê¸Ò ÔÉ¨Ì Ö¤¥·
[17, 20, 21]. �´¨ ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 1. ˆ§ · ¸Î¥Éµ¢ ¢¨¤´µ, ÎÉµ ´¥°É·µ´´Ò¥
· ¸¶·¥¤¥²¥´¨Ö ¤²Ö Ö¤¥· 6He ¨ 8He ¡µ²¥¥ ¶·µÉÖ¦¥´´Ò¥, Î¥³ · ¸¶·¥¤¥²¥´¨Ö
¶·µÉµ´µ¢, ¨ µ´¨ ´ Î¨´ ÕÉ ¸ÊÐ¥¸É¢¥´´µ ¶·¥¢ÒÏ ÉÓ ¶·µÉµ´´Ò¥ ¶·¨ R > 1 Ë³,
¶·¨ ÔÉµ³ Rnrms −Rprms ≈ 0, 9 Ë³. ‚ · ³± Ì É·¥ÌÎ ¸É¨Î´µ° ³µ¤¥²¨ [4] É ±¦¥
¡Ò²µ ¶µ²ÊÎ¥´µ §´ Î¥´¨¥ ∆Rrms(6He) ≈ 0, 8 Ë³.

‚ · ¸¸³ É·¨¢ ¥³µ³ ¸²ÊÎ ¥ Éµ²¸É Ö ´¥°É·µ´´ Ö ®ÏÊ¡ ¯, µÎ¥¢¨¤´µ, ´¥
Ö¢²Ö¥É¸Ö ·¥§Ê²ÓÉ Éµ³ ¸² ¡µ° Ô´¥·£¨¨ ¸¢Ö§¨ ¢ ²¥´É´ÒÌ ´¥°É·µ´µ¢, ± ± ÔÉµ
¨³¥¥É ³¥¸Éµ ¢ ¸²ÊÎ ¥ Ö¤·  11Li (S2n = 0, 310 ŒÔ‚), ¶µ¸±µ²Ó±Ê Ô´¥·£¨¨ ¸¢Ö§¨
¤¢ÊÌ ´¥°É·µ´µ¢ ¢ Ö¤· Ì 6He ¨ 8He, ¸µµÉ¢¥É¸É¢¥´´µ, · ¢´Ò 0,98 ¨ 2,14 ŒÔ‚.

‚ · ¡µÉ¥ [22] Ô±¸¶¥·¨³¥´É ²Ó´µ ¨§ÊÎ ²µ¸Ó Ê¶·Ê£µ¥ · ¸¸¥Ö´¨¥ 6He ´ 
¢µ¤µ·µ¤´µ° ³¨Ï¥´¨ ¶·¨ Ô´¥·£¨¨ ∼ 700 ŒÔ‚/�. „²Ö  ´ ²¨§  ¤ ´´ÒÌ ¨
¨§¢²¥Î¥´¨Ö ¨´Ëµ·³ Í¨¨ µ · §³¥·¥ Ö¤·  6He ¨¸¶µ²Ó§µ¢ ² ¸Ó £² Ê¡¥·µ¢¸± Ö
É¥µ·¨Ö ¸ µ¤´µÎ ¸É¨Î´µ° ¶²µÉ´µ¸ÉÓÕ ¢³¥¸Éµ ³´µ£µÎ ¸É¨Î´ÒÌ Ö¤¥·´ÒÌ ¶²µÉ-
´µ¸É¥° ¤²Ö ÔÉµ£µ Ö¤· . ‚ ·¥§Ê²ÓÉ É¥ ²ÊÎÏ¥¥ ¸µ£² ¸¨¥ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
¤ ´´Ò³¨  ¢Éµ·Ò ¶µ²ÊÎ¨²¨ ¶·¨ §´ Î¥´¨ÖÌ ¸·¥¤´¥±¢ ¤· É¨Î´µ£µ · ¤¨Ê¸  Ö¤¥·-
´µ£µ ¢¥Ð¥¸É¢  Rmrms = (2, 30± 0, 07) Ë³. ‚ ¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ · ¤¨Ê¸ ±µ· 
(¡Ò²µ ¨¸¶µ²Ó§µ¢ ´µ Ê¸·¥¤´¥´´µ¥ §´ Î¥´¨¥ (1, 88± 0, 12) Ë³) ¸µ¢¶ ¤ ¥É ¸ · -
¤¨Ê¸µ³ ¶·µÉµ´´µ£µ · ¸¶·¥¤¥²¥´¨Ö ¢ 6He, ¤²Ö ¸·¥¤´¥±¢ ¤· É¨Î´µ£µ · ¤¨Ê¸ 
´¥°É·µ´´µ£µ · ¸¶·¥¤¥²¥´¨Ö ¶µ²ÊÎ¥´µ §´ Î¥´¨¥ Rnrms = (2, 48 ± 0, 11) Ë³,
¨ Éµ£¤  Rnrms − Rprms = (0, 61 ± 0, 21) Ë³. �¢Éµ·Ò ¨´É¥·¶·¥É¨·µ¢ ²¨ ÔÉµÉ
·¥§Ê²ÓÉ É ± ± ¤µ± § É¥²Ó¸É¢µ ¸ÊÐ¥¸É¢µ¢ ´¨Ö ¢ 6He §´ Î¨É¥²Ó´µ° ´¥°É·µ´´µ°
®ÏÊ¡Ò¯ µ±µ²µ α-Î ¸É¨Î´µ£µ ±µ· .

�µ²ÊÎ¥´´Ò¥ ¢ [22] §´ Î¥´¨Ö ¸·¥¤´¥±¢ ¤· É¨Î¥¸±¨Ì · ¤¨Ê¸µ¢ ´ Ìµ¤ÖÉ¸Ö
¢ ¸µ£² ¸¨¨ ¸ ¤ ´´Ò³¨ [21]. �¤´ ±µ µ´¨ ´¥¸±µ²Ó±µ ´¨¦¥ ·¥§Ê²ÓÉ É   ´ -
²¨§  ¤ ´´ÒÌ Éµ° ¦¥ · ¡µÉÒ [21] ¸ ¶·¨³¥´¥´¨¥³ ¤·Ê£¨Ì ¶µ¤Ìµ¤µ¢,   ¨³¥´´µ
Rmrms = (2, 57±0, 10) Ë³ [23] ¨ Rmrms = (2, 71±0, 04) Ë³ [24]. ‚ ¤ ²Ó´¥°Ï¥³
Ô±¸¶¥·¨³¥´É, µ¶¨¸ ´´Ò° ¢ [22], ¡Ò² ¶·µ ´ ²¨§¨·µ¢ ´ [25] ¸ ¶µ³µÐÓÕ £² Ê¡¥-
·µ¢¸±µ° É¥µ·¨¨ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ É·¥ÌÎ ¸É¨Î´µ° (α+2n) ¢µ²´µ¢µ° ËÊ´±Í¨¨
Ö¤·  6He. ‚ · ³± Ì ÔÉµ£µ  ´ ²¨§  §´ Î¥´¨¥ Rmrms ¶µ²ÊÎ¨²µ¸Ó · ¢´Ò³ 2,50 Ë³.
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’ ±¨³ µ¡· §µ³, ¨§  ´ ²¨§  ¤ ´´ÒÌ ¶µ Ê¶·Ê£µ³Ê · ¸¸¥Ö´¨Õ ¢¨¤´µ, ÎÉµ
¢ § ¢¨¸¨³µ¸É¨ µÉ ¶µ¤Ìµ¤  §´ Î¥´¨Ö · ¤¨Ê¸µ¢ ³µ£ÊÉ ¶µ²ÊÎ¨ÉÓ¸Ö ¸ · §¡·µ¸µ³
0, 2− 0, 3 Ë³.

„²Ö ¶µ²ÊÎ¥´¨Ö ¨´Ëµ·³ Í¨¨ µ ¸¢µ°¸É¢ Ì 6He ¢ [26] ¡Ò² ¶·µ¢¥¤¥´ ¸¨¸É¥-
³ É¨Î¥¸±¨°  ´ ²¨§ Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ´  ¶·µÉµ´¥ ·Ö¤  Ö¤¥· (6He, 6Li, 8He,
4He, 11Li, 99Li) ¶·¨ ¶·µ³¥¦ÊÉµÎ´ÒÌ Ô´¥·£¨ÖÌ µÉ 32 ¤µ 75 ŒÔ‚/�. �·¨  ´ -
²¨§¥ ¤ ´´ÒÌ ¶·¥¤¶µ² £ ²µ¸Ó, ÎÉµ 4He Ö¢²Ö¥É¸Ö ±µ·µ³ Ö¤¥· 6He ¨ 8He,   É ±¦¥
Ö¤·  6Li (¸Î¨É ¥É¸Ö, ÎÉµ µ´µ ¸µ¸Éµ¨É ¨§ α-Î ¸É¨Î´µ£µ ±µ·  ¨ ¨³¥¥É ¶·µÉÖ¦¥´-
´µ¥ ´¥°É·µ´-¶·µÉµ´´µ¥ · ¸¶·¥¤¥²¥´¨¥). ˆ¸Ìµ¤Ö ¨§ Éµ£µ, ÎÉµ ´ ±²µ´ Ê£²µ¢ÒÌ
· ¸¶·¥¤¥²¥´¨° µ¶·¥¤¥²Ö¥É¸Ö ¢ µ¸´µ¢´µ³ · ¤¨Ê¸µ³ · ¸¶·¥¤¥²¥´¨Ö Ö¤¥·´µ£µ
¢¥Ð¥¸É¢ , ¡Ò² ¸¤¥² ´ ¸²¥¤ÊÕÐ¨° ¢Ò¢µ¤: ¶· ±É¨Î¥¸±¨ µ¤¨´ ±µ¢Ò¥ ¶µ Ëµ·³¥
Ê£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö 6He ¨ 8He ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ µ Éµ³, ÎÉµ §´ Î¥´¨Ö ¨Ì
· ¤¨Ê¸µ¢ ¡²¨§±¨, ¢ Éµ ¢·¥³Ö ± ± µÉ²¨Î¨¥ µÉ · ¸¶·¥¤¥²¥´¨Ö 4He [27] µ§´ Î ¥É,
ÎÉµ · ¤¨Ê¸Ò 6He ¨ 8He µÉ²¨Î ÕÉ¸Ö µÉ · ¤¨Ê¸  4He. ˆ§ ¸· ¢´¥´¨Ö Ô±¸¶¥-
·¨³¥´É ²Ó´ÒÌ ·¥§Ê²ÓÉ Éµ¢ ¶µ Ê¶·Ê£µ³Ê · ¸¸¥Ö´¨Õ ¢ ¤¢ÊÌ ¸²ÊÎ ÖÌ p + 6Li ¨
6He + p ´  µ¸´µ¢¥ · ¸Î¥É  Ê£²µ¢µ£µ · ¸¶·¥¤¥²¥´¨Ö 6He + p ¸ ¶ · ³¥É· ³¨
¶µÉ¥´Í¨ ² , ¢§ÖÉÒ³¨ ¨§ ·¥ ±Í¨¨ p + 6Li [28], ¶µ²ÊÎ¥´µ Ìµ·µÏ¥¥ ¸µ£² ¸¨¥
· ¸Î¥É  ¸ Ô±¸¶¥·¨³¥´Éµ³. �Éµ µ§´ Î ¥É, ÎÉµ Ì · ±É¥·¨¸É¨±¨ · ¸¶·¥¤¥²¥´¨°
¶²µÉ´µ¸É¥° 6Li ¨ 6He µÎ¥´Ó ¶µÌµ¦¨. „¥°¸É¢¨É¥²Ó´µ, · ¤¨Ê¸Ò Ö¤¥· 6He ¨ 6Li
¡²¨§±¨: Rmrms(

6Li) = (2, 44 ± 0, 1) Ë³ [29],  , ± ± Ê¦¥ µÉ³¥Î ²µ¸Ó ¢ÒÏ¥,
Rmrms(

6He) = (2, 48± 0, 03) Ë³ [20].
‚ · ¡µÉ¥ [26] ¡Ò²  ¨¸¸²¥¤µ¢ ´  ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓ ¸¥Î¥´¨Ö Ê¶·Ê£µ£µ · ¸-

¸¥Ö´¨Ö ± ´¥°É·µ´´µ° ®ÏÊ¡¥¯ É ±¦¥ ¶ÊÉ¥³ · ¸¸³µÉ·¥´¨Ö É·¥Ì · §´µ£µ É¨¶ 
¶²µÉ´µ¸É¥° · ¸¶·¥¤¥²¥´¨Ö ´Ê±²µ´µ¢. � ¸Î¥ÉÒ ¶µ± § ²¨, ÎÉµ ¸ ®·¥ ²¨¸É¨Î¥-
¸±µ°¯ ¶²µÉ´µ¸ÉÓÕ, ¶·¨´¨³ ÕÐ¥° ¢µ ¢´¨³ ´¨¥ ¶·µÉÖ¦¥´´µ¥ · ¸¶·¥¤¥²¥´¨¥
´¥°É·µ´µ¢ ®ÏÊ¡Ò¯,   É ±¦¥ ¸ ¶²µÉ´µ¸ÉÓÕ, ¸µµÉ¢¥É¸É¢ÊÕÐ¥° Ô±¸¶¥·¨³¥´-
É ²Ó´Ò³ · ¤¨Ê¸ ³ Rmrms, ´µ ¶·¥´¥¡·¥£ ÕÐ¥° · §´¨Í¥° ³¥¦¤Ê § ·Ö¤µ¢Ò³ ¨
´¥°É·µ´´Ò³ · ¤¨Ê¸ ³¨, ¢¸¥ ¤ ´´Ò¥ ¤²Ö 6,8He ¨ 6Li µ¶¨¸Ò¢ ÕÉ¸Ö Ìµ·µÏµ.
� ¸Î¥ÉÒ ¸ É·¥ÉÓ¨³ ¢¨¤µ³ ¶²µÉ´µ¸É¨, £¤¥ Rmrms ¶·¨´¨³ ¥É §´ Î¥´¨¥ · ¤¨Ê¸ 
4He (1,48 Ë³ [29]), §´ Î¨É¥²Ó´µ µÉ²¨Î ÕÉ¸Ö µÉ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ.
’ ±¨³ µ¡· §µ³, ¨§ Ô±¸¶¥·¨³¥´Éµ¢ ¶µ Ê¶·Ê£µ³Ê · ¸¸¥Ö´¨Õ ´  ¶·µÉµ´ Ì ¸²¥-
¤Ê¥É, ÎÉµ · ¤¨Ê¸Ò Ö¤¥·´µ£µ ¢¥Ð¥¸É¢  Rmrms Ö¤¥· 6,8He ¨ 6Li ¶·¥¢ÒÏ ÕÉ · ¤¨Ê¸
4He, µ¤´ ±µ ¢ ÔÉ¨Ì Ô±¸¶¥·¨³¥´É Ì ´¥²Ó§Ö ¶µ²ÊÎ¨ÉÓ · §´¨ÍÊ ³¥¦¤Ê § ·Ö¤µ¢Ò³
¨ ´¥°É·µ´´Ò³ · ¤¨Ê¸ ³¨.

“¶·Ê£µ¥ · ¸¸¥Ö´¨¥ 6He ´  208Pb ¨ 12C ¶·¨ Ô´¥·£¨¨ µ±µ²µ 10 ŒÔ‚/� ¨§ÊÎ -
²µ¸Ó ¢ [30, 31]. �·¨ ¸· ¢´¥´¨¨ ¸ Ê¶·Ê£¨³ · ¸¸¥Ö´¨¥³ Ö¤¥· 6Li µ± § ²µ¸Ó, ÎÉµ
¤²Ö ÔÉ¨Ì ¤¢ÊÌ Ö¤¥· · ¤¨Ê¸Ò ¸¨²Ó´µ£µ ¶µ£²µÐ¥´¨Ö ¶· ±É¨Î¥¸±¨ µ¤¨´ ±µ¢Ò¥.

Š ± Ê¦¥ µÉ³¥Î ²µ¸Ó, µ¤¨´ ¨§ ¢ ¦´ÒÌ  ¸¶¥±Éµ¢ ¸É·Ê±ÉÊ·Ò 6He ± ¸ ¥É¸Ö
±µ··¥²ÖÍ¨° ¢ ´¥°É·µ´´µ³ £ ²µ (®ÏÊ¡¥¯). �¦¨¤ ¥É¸Ö, ÎÉµ ¨³¥ÕÉ ³¥¸Éµ ¤¢¥
· §´Ò¥ ¶·µ¸É· ´¸É¢¥´´Ò¥ ±µ´Ë¨£Ê· Í¨¨: ¤¨´¥°É·µ´´ Ö, ±µ£¤  ¤¢  ¢ ²¥´É´ÒÌ
´¥°É·µ´  ¢´¥ α-±µ·  ´ Ìµ¤ÖÉ¸Ö ¡²¨§±µ ¤·Ê£ ± ¤·Ê£Ê, ¨ ¸¨£ ·µµ¡· §´ Ö, ±µ£¤ 
ÔÉ¨ ¤¢  ´¥°É·µ´  · ¸¶µ²µ¦¥´Ò ´  ¶·µÉ¨¢µ¶µ²µ¦´ÒÌ ¸Éµ·µ´ Ì α-±µ· .
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�¨¸. 2. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ (§´ Î±¨) ¨ É¥µ·¥É¨Î¥¸±¨¥ · ¸Î¥ÉÒ (²¨´¨¨) ¤²Ö
Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö 6He + 4He ¶·¨ Ô´¥·£¨¨ ¢Éµ·¨Î´µ£µ ¶ÊÎ±  6He, · ¢´µ° 151 ŒÔ‚
[32]. Š·¨¢Ò¥ 1 ¨ 2 Å · ¸Î¥É ¸¥Î¥´¨Ö ¸ · §´Ò³¨ ¶ · ³¥É· ³¨ µ¶É¨Î¥¸±µ£µ ¶µÉ¥´Í¨-
 ² , 3 Å · ¸Î¥É, ÊÎ¨ÉÒ¢ ÕÐ¨° ¤¨´¥°É·µ´´ÊÕ ¨ ¸¨£ ·µµ¡· §´ÊÕ ±µ´Ë¨£Ê· Í¨¨ ¤¢ÊÌ
¢ ²¥´É´ÒÌ ´¥°É·µ´µ¢ 6He, 4 Å · ¸Î¥É ¢ ¸²ÊÎ ¥ Ê¤ ²¥´¨Ö ¤¨´¥°É·µ´´µ° ±µ´Ë¨£Ê· Í¨¨

‚ · ¡µÉ¥ [1] ¤²Ö 6He ¶·µ¢µ¤¨²¨¸Ó É·¥ÌÎ ¸É¨Î´Ò¥ · ¸Î¥ÉÒ, ¤²Ö ±µÉµ·ÒÌ
6He Ö¢²Ö¥É¸Ö Ê¤µ¡´Ò³, ¶µ¸±µ²Ó±Ê ¥£µ ¢µ²´µ¢ Ö ËÊ´±Í¨Ö Ìµ·µÏµ Ê¸É ´µ¢²¥´ ,
Ô±¸¶¥·¨³¥´É ²Ó´ Ö ¨´Ëµ·³ Í¨Ö µ ¶µ¤¸¨¸É¥³ Ì αn ¨ nn ¤µ¸É ÉµÎ´  ¤²Ö ¶µ-
¸É·µ¥´¨Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¶µÉ¥´Í¨ ²µ¢,   É ±¦¥ ¢ µ¡µ¨Ì ¸²ÊÎ ÖÌ ´¥ ¸ÊÐ¥-
¸É¢Ê¥É ±Ê²µ´µ¢¸±µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö. �Ò²µ ¶µ± § ´µ, ÎÉµ ¢¥·µÖÉ´µ¸ÉÓ · ¸-
¶·¥¤¥²¥´¨Ö · ¸¸ÉµÖ´¨° ³¥¦¤Ê Î ¸É¨Í ³¨ ¢ 6He ¨³¥¥É ¤¢  ³ ±¸¨³Ê³  Å µ¤¨´
¸µµÉ¢¥É¸É¢Ê¥É ¤¨´¥°É·µ´´µ°, ¢Éµ·µ° Å ¸¨£ ·µµ¡· §´µ° ±µ´Ë¨£Ê· Í¨¨. � §-
²¨Î¨¥ ¢ ¢Ò¸µÉ¥ ÔÉ¨Ì ³ ±¸¨³Ê³µ¢ ¢ µ¸´µ¢´µ³ Ö¢²Ö¥É¸Ö ·¥§Ê²ÓÉ Éµ³ Éµ£µ, ÎÉµ,
¢¸²¥¤¸É¢¨¥ nn-¢§ ¨³µ¤¥°¸É¢¨Ö, ¤¨´¥°É·µ´´ Ö ±µ´Ë¨£Ê· Í¨Ö ¡µ²¥¥ ¢¥·µÖÉ´ .

�Éµ° ¶·µ¡²¥³¥ ¡Ò² ¶µ¸¢ÖÐ¥´ ¶·µ¢¥¤¥´´Ò° ´¥¤ ¢´µ Ô±¸¶¥·¨³¥´É [32] ¶µ
¨§ÊÎ¥´¨Õ ¤¢ÊÌ´¥°É·µ´´µ£µ µ¡³¥´  ¢ ·¥ ±Í¨¨ 6He + 4He ¶·¨ Ô´¥·£¨¨ ¢Éµ-
·¨Î´µ£µ ¶ÊÎ±  6He, · ¢´µ° 151 ŒÔ‚. ˆ´É¥·¶·¥É Í¨Ö Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö
¶µ¤ § ¤´¨³¨ Ê£² ³¨ (¸³. ·¨¸. 2) ¡Ò²  ¢µ§³µ¦´  ²¨ÏÓ ¢ ¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ
∼ 100% ¸¥Î¥´¨e Ö¢²Ö¥É¸Ö ·¥§Ê²ÓÉ Éµ³ ®¤¨´¥°É·µ´´µ° ±µ´Ë¨£Ê· Í¨¨¯.

”· £³¥´É Í¨Ö Ö¤¥· ¶ÊÎ±  6He ¶·¨ · §´ÒÌ Ô´¥·£¨ÖÌ ¢ ¤¨ ¶ §µ´¥ µÉ 72 ¤µ
800 ŒÔ‚/� ¨§ÊÎ ² ¸Ó ¢ · ¡µÉ Ì [19,33Ä35] ¶ÊÉ¥³ ¨§³¥·¥´¨Ö ¨³¶Ê²Ó¸´ÒÌ · ¸-
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�¨¸. 3. ‡ ¢¨¸¨³µ¸ÉÓ ¸¥Î¥´¨Ö ¤¥²¥´¨Ö (4) ¨ ¨¸¶ ·¥´¨Ö Î¥ÉÒ·¥Ì ´¥°É·µ´µ¢ (2) µÉ Ô´¥·-
£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¤²Ö ·¥ ±Í¨¨ 6He + 209Bi (É¥³´Ò¥ §´ Î±¨) ¢ ¸· ¢´¥´¨¨ ¸ ËÊ´±Í¨¥°
¢µ§¡Ê¦¤¥´¨Ö ¤²Ö ·¥ ±Í¨¨ 4He + 209Bi (¸¢¥É²Ò¥ §´ Î±¨) [37]

¶·¥¤¥²¥´¨° ± ± Ö¤¥· 4He, É ± ¨ ´¥°É·µ´µ¢ ¨§ · §¢ ²  6He. �·¥¤¶µ² £ ²µ¸Ó,
ÎÉµ ¶µ¸²¥¤µ¢ É¥²Ó´Ò° · §¢ ² 6He ´  4He Î¥·¥§ ¶·µ³¥¦ÊÉµÎ´Ò° ·¥§µ´ ´¸ 5He
Ö¢²Ö¥É¸Ö ¤µ³¨´¨·ÊÕÐ¨³ ³¥Ì ´¨§³µ³ ¶·¨ Ë· £³¥´É Í¨¨ 6He. �µ¸²¥¤¸É¢¨Ö³
¢²¨Ö´¨Ö ¶·µ³¥¦ÊÉµÎ´ÒÌ ·¥§µ´ ´¸µ¢ ¶µ¸¢ÖÐ¥´Ò É¥µ·¥É¨Î¥¸±¨¥ · ¸Î¥ÉÒ [36],
¢ ±µÉµ·ÒÌ  ´ ²¨§¨·µ¢ ²¸Ö ³¥Ì ´¨§³ ·¥ ±Í¨¨ Ë· £³¥´É Í¨¨ Ö¤·  6He ¶·¨
¡µ²ÓÏµ° Ô´¥·£¨¨. Š ± ¢µ§³µ¦´Òe, · ¸¸³ É·¨¢ ²¨¸Ó ´¥¸±µ²Ó±µ ³¥Ì ´¨§³µ¢.
‹ÊÎÏ¥¥ µ¶¨¸ ´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ²ÊÎ¥´µ ¶·¨ ³¥Ì ´¨§³¥, ¢ ±µ-
Éµ·µ³ ¨³¥ÕÉ ³¥¸Éµ ¢§ ¨³µ¤¥°¸É¢¨¥ µ¤´µ£µ ´¥°É·µ´  ¸ Ö¤·µ³ ³¨Ï¥´¨ ¨ αn-
¢§ ¨³µ¤¥°¸É¢¨¥ ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¥³ ·¥§µ´ ´¸Ê 5Heg.s.

�µ²ÓÏµ° ¨´É¥·¥¸ ¢Ò§Ò¢ ÕÉ É ±¦¥ ¨¸¸²¥¤µ¢ ´¨Ö ¢²¨Ö´¨Ö ´¥°É·µ´´µ°
®ÏÊ¡Ò¯ ¢ Ö¤· Ì ´  ³¥Ì ´¨§³ ·¥ ±Í¨° ¸²¨Ö´¨Ö ¨ ¤¥²¥´¨Ö. �Éµ³Ê ¢µ¶·µ¸Ê
¶µ¸¢ÖÐ¥´Ò · ¡µÉÒ [37Ä40]. ‚ ± Î¥¸É¢¥ ¶·¨³¥·  ´  ·¨¸. 3 ¶·¥¤¸É ¢²¥´Ò ·¥-
§Ê²ÓÉ ÉÒ · ¡µÉÒ [37], ¢ ±µÉµ·µ° ¢¶¥·¢Ò¥ ¡Ò²  ¨§³¥·¥´  ËÊ´±Í¨Ö ¢µ§¡Ê¦¤¥´¨Ö
·¥ ±Í¨¨ ¤¥²¥´¨Ö ¸µ¸É ¢´µ£µ Ö¤·  215At, µ¡· §ÊÕÐ¥£µ¸Ö ¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨
¶ÊÎ±  6He ¸ Ö¤· ³¨ 209Bi. �É  ËÊ´±Í¨Ö ¢µ§¡Ê¦¤¥´¨Ö ¸· ¢´¨¢ ² ¸Ó ¸ ·¥ ±Í¨¥°
4He + 209Bi. ‡¤¥¸Ó ¦¥ ¶·¥¤¸É ¢²¥´  ËÊ´±Í¨Ö ¢µ§¡Ê¦¤¥´¨Ö ¤²Ö ± ´ ²  ¨¸¶ -
·¥´¨Ö Î¥ÉÒ·¥Ì ´¥°É·µ´µ¢ ¨§ ¸µ¸É ¢´µ£µ Ö¤·  215At. �±¸¶¥·¨³¥´ÉÒ ¢ ÔÉµ³
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´ ¶· ¢²¥´¨¨  ¢Éµ·Ò ¶·¥¤¶µ² £ ÕÉ ¶·µ¤µ²¦¨ÉÓ. �·¨ ÔÉµ³, µÎ¥¢¨¤´µ, ´¥µ¡Ìµ-
¤¨³µ ¨¸¸²¥¤µ¢ ÉÓ ¤¥²¨³µ¸ÉÓ µ¤´µ£µ ¨ Éµ£µ ¦¥ ¸µ¸É ¢´µ£µ Ö¤·  ¶·¨ µ¤¨´ ±µ¢µ³
Ê£²µ¢µ³ ³µ³¥´É¥ ¨ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö, µ¡· §ÊÕÐ¥£µ¸Ö ¢ ·¥ ±Í¨¨ ¸ ¶ÊÎ± ³¨
4He ¨ 6He (´ ¶·¨³¥·, 208Pb + 4He→ 212Po ¨ 208Pb + 6He→ 212Po).

�É¨ ·¥§Ê²ÓÉ ÉÒ, ¸¢Ö§ ´´Ò¥ ¸ ³¥Ì ´¨§³µ³ ¢§ ¨³µ¤¥°¸É¢¨Ö Ô±§µÉ¨Î¥¸±¨Ì
Ö¤¥·, Ö¢²ÖÕÉ¸Ö Î·¥§¢ÒÎ °´µ ¢ ¦´Ò³¨ ¤²Ö ¶µ´¨³ ´¨Ö ¸¢µ°¸É¢ É ±¨Ì Ö¤¥· ¨ ¨Ì
¨¸¶µ²Ó§µ¢ ´¨Ö ¢ Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ, ¶µÔÉµ³Ê ¶µ¤µ¡´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ É ±¦¥
²¥£²¨ ¢ µ¸´µ¢Ê Ë¨§¨Î¥¸±¨Ì µ¡µ¸´µ¢ ´¨° ¶·µ¥±Éµ¢ Ë ¡·¨± · ¤¨µ ±É¨¢´ÒÌ
¶ÊÎ±µ¢, ±µÉµ·Ò¥ ¸µ§¤ ÕÉ¸Ö ¸¥°Î ¸ ¢µ ³´µ£¨Ì Í¥´É· Ì.

1.2. Ÿ¤·µ 7He Ö¢²Ö¥É¸Ö ´¥¸É ¡¨²Ó´Ò³ ¨ ¶·µÖ¢²Ö¥É¸Ö ¢ ¢¨¤¥ ·¥§µ´ ´¸-
´µ£µ ¸µ¸ÉµÖ´¨Ö ¢ · §²¨Î´ÒÌ ·¥ ±Í¨ÖÌ. ˆ§¡ÒÉµ± ³ ¸¸Ò (Œ.….) ÔÉµ£µ Ö¤·  ¨§-
³¥·¥´ Ô±¸¶¥·¨³¥´É ²Ó´µ ¸ ¢Ò¸µ±µ° ÉµÎ´µ¸ÉÓÕ: M.E. = (26, 11 ± 0, 03) ŒÔ‚.
˜¨·¨´  ·¥§µ´ ´¸  Γ = 160 ±Ô‚. ˆ§ ÔÉµ£µ ¸²¥¤Ê¥É, ÎÉµ 7He ´¥¸É ¡¨²¥´ ¶µ
µÉ´µÏ¥´¨Õ ± · ¸¶ ¤Ê ´  6He +n ¢¸¥£µ ´  0,44 ŒÔ‚, ÎÉµ §´ Î¨É¥²Ó´µ ³¥´ÓÏ¥
¶·¥¤¸± § ´¨° · §²¨Î´ÒÌ É¥µ·¨° (¶·¨³¥·´µ ´  1 − 2, 3 ŒÔ‚) [41, 42]. ‚ ¶µ-
¸²¥¤´¨¥ £µ¤Ò ÔÉµ Ö¤·µ É ±¦¥ ¢Ò§Ò¢ ¥É ¨´É¥·¥¸ Ô±¸¶¥·¨³¥´É Éµ·µ¢ ¢ ¸¢Ö§¨ ¸
¶·¥¤¸± § ´¨Ö³¨ ¸ÊÐ¥¸É¢µ¢ ´¨Ö ¢ ´¥³ ¢µ§¡Ê¦¤¥´´ÒÌ Ê·µ¢´¥° (¸³. ·¨¸. 4).

�¨¸. 4. ’¥µ·¥É¨Î¥¸±¨¥ ¶·¥¤¸± § ´¨Ö ¢µ§¡Ê¦¤¥´´ÒÌ Ê·µ¢´¥° 7He [15, 41, 43]
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�¨¸. 5. ‘¶¥±É·Ò ·¥ ±Í¨° 9Be(13C, 15O)7He ¨ 6Li(14C, 13N)7He [46, 47]

‚ ¡µ²ÓÏ¨´¸É¢¥ · ´´¨Ì Ô±¸¶¥·¨³¥´Éµ¢ ¢ 7He ´¥ ¡Ò²µ µ¡´ ·Ê¦¥´µ ¢µ§¡Ê¦-
¤¥´´ÒÌ Ê·µ¢´¥° ¶·¨ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö E∗ < 10 ŒÔ‚ ¨ ¸ Γ < 2 ŒÔ‚
(¸³. [5] ¨ ¸¸Ò²±¨ É ³). �¤´ ±µ ¢ ¤¢ÊÌ Ô±¸¶¥·¨³¥´É Ì Å ¢ ·¥ ±Í¨¨ 7Li(n, p)7He
¶·¨ Ô´¥·£¨¨ ´¥°É·µ´µ¢ En = 60 ŒÔ‚ ¨ ¢ ·¥ ±Í¨¨ 9Be(14C, 16O)7He ¶·¨
Ô´¥·£¨¨ ¶ÊÎ±  ¨µ´µ¢ 14C, · ¢´µ° 152,6 ŒÔ‚, ¢ ¸¶¥±É· Ì ´¥¤µ¸É ÕÐ¥° ³ ¸¸Ò
¡Ò²¨ µ¡´ ·Ê¦¥´Ò ¶¨±¨, ±µÉµ·Ò¥ ¨¤¥´É¨Ë¨Í¨·µ¢ ²¨¸Ó ± ± ¢µ§¡Ê¦¤¥´´Ò¥ ¸µ-
¸ÉµÖ´¨Ö 7He. ‚ ¶¥·¢µ³ ¸²ÊÎ ¥ ¢ ¸¶¥±É· Ì ¶·µÉµ´µ¢ ´ ¡²Õ¤ ²µ¸Ó ¤¢  Ï¨-
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·µ±¨Ì · ¸¶·¥¤¥²¥´¨Ö ´ ¤ Ë §µ¢Ò³ ¶·µ¸É· ´¸É¢µ³ ¢ µ¡² ¸É¨ E∗ ∼ 6 ŒÔ‚ ¨
E∗ ∼ (20±1) ŒÔ‚ (Γ = (9±2) ŒÔ‚) [6]. ‚µ ¢Éµ·µ³ ¸²ÊÎ ¥ ´ ¡²Õ¤ ²¸Ö ¶¨±,
¸µµÉ¢¥É¸É¢ÊÕÐ¨° Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö E∗ ∼ (2, 9 ± 0, 5) ŒÔ‚ ¸ Ï¨·¨´µ°
Γ = (1, 5 ± 0, 5) ŒÔ‚ [44]. Š ± ¢¨¤´µ, · ´´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥
¢¥¸Ó³  ¶·µÉ¨¢µ·¥Î¨¢Ò.

‚ ¶µ¸²¥¤ÊÕÐ¨Ì Ô±¸¶¥·¨³¥´É Ì ¢ ·¥ ±Í¨ÖÌ ¶µ¤Ì¢ É  ¤¢ÊÌ ¶·µÉµ´µ¢
9Be(14C, 16O)7He ¨ 9Be(13C, 15O)7He ¶·¨ Ô´¥·£¨¨ ∼ 25 ŒÔ‚/� [45, 46] ´¥
¡Ò²µ ´ °¤¥´µ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¢ Ö¤·¥ 7He. ˆ¤¥´É¨Ë¨Í¨·µ¢ ²µ¸Ó
µ¸´µ¢´µ¥ Jπ = 3/2− ¸µ¸ÉµÖ´¨¥,   ´ ²¨Î¨¥ ¸¢Ö§ ´´ÒÌ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸Éµ-
Ö´¨° ¢ ·¥£¨¸É·¨·Ê¥³ÒÌ Ö¤· Ì 16O ¨ 15O § É·Ê¤´Ö²µ ´ ¡²Õ¤¥´¨¥ ¶¨±µ¢, ¸µ-
µÉ¢¥É¸É¢ÊÕÐ¨Ì ·¥§µ´ ´¸ ³ ¢ Ö¤·¥ 7He ¢ÒÏ¥ ∼ 5 ŒÔ‚ (·¨¸. 5, ). ‚ ¤·Ê£µ°
·¥ ±Í¨¨ 6Li(14C, 13N)7He [47], £¤¥ ¤¢  ´¥°É·µ´  ¶¥·¥¤ ÕÉ¸Ö Ö¤·Ê ³¨Ï¥´¨
¨ µ¤¨´ ¶·µÉµ´ ¸·Ò¢ ¥É¸Ö, É ±¦¥ ´¥ ´ ¡²Õ¤ ²¸Ö ·¥§µ´ ´¸ ν1p1/2, (·¨¸. 5,¡).
‘¤¥² ´µ ¶·¥¤¶µ²µ¦¥´¨¥ µ ¡µ²ÓÏµ° Ï¨·¨´¥ ÔÉµ£µ ·¥§µ´ ´¸ , ÎÉµ § É·Ê¤´Ö¥É
¥£µ ´ ¡²Õ¤¥´¨¥ ´  Ëµ´¥ Ë §µ¢µ£µ ¶·µ¸É· ´¸É¢ .

„·Ê£µ° ¶µ¤Ìµ¤ ± ¨¸¸²¥¤µ¢ ´¨Õ Ö¤·  7He ¨¸¶µ²Ó§µ¢ ´ ¢ · ¡µÉ Ì [48Ä50],
¶·µ¢µ¤¨³ÒÌ ´  ¢Éµ·¨Î´ÒÌ ¶ÊÎ± Ì 8He (72 ¨ 240 ŒÔ‚/�) ¨ 11Li (61 ŒÔ‚/�).
‚ ·¥ ±Í¨ÖÌ p(8He, n6He), d(11Li, n6He) ¨ 12C(8He, n6He) ¢ ¸¶¥±É· Ì ¨´¢ ·¨-
 ´É´µ° ³ ¸¸Ò É ±¦¥ ´ ¡²Õ¤ ²¸Ö ²¨ÏÓ ·¥§µ´ ´¸, ¸µµÉ¢¥É¸É¢ÊÕÐ¨° µ¸´µ¢´µ³Ê
¸µ¸ÉµÖ´¨Õ 7He.

Ÿ¤·µ 7He ¨§ÊÎ ²µ¸Ó É ±¦¥ ¨ ¢ ·¥ ±Í¨¨ Ë· £³¥´É Í¨¨, ±µ£¤  Ô´¥·£¥É¨-
Î¥¸±¨¥ Ê·µ¢´¨ µ¶·¥¤¥²Ö²¨¸Ó ¨§ µÉ´µ¸¨É¥²Ó´µ° ¸±µ·µ¸É¨ ³¥¦¤Ê Ë· £³¥´Éµ³

�¨¸. 6. ‘¶¥±É·Ò µÉ´µ¸¨É¥²Ó´µ° ¸±µ·µ¸É¨ ³¥¦¤Ê Ë· £³¥´Éµ³ (6He) ¨ ´¥°É·µ´µ³ · ¸-
¶ ¤  7He [53]. �· ¢Ò° ¨ ²¥¢Ò° ¶¨±¨ µÉ¢¥Î ÕÉ ¨¸¶Ê¸± ´¨Õ ´¥°É·µ´  ¢¶¥·¥¤ ¨ ´ § ¤
¸µµÉ¢¥É¸É¢¥´´µ. ‘¶²µÏ´ Ö ±·¨¢ Ö Å ³µ¤¥²¨·µ¢ ´¨¥ ¶µ ³¥Éµ¤Ê Œµ´É¥-Š ·²µ · ¸¶ ¤ 
7He ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¨§¢¥¸É´ÒÌ Ì · ±É¥·¨¸É¨± µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ER = 450 ±Ô‚
¨ Γ = 160 ±Ô‚ (¶Ê´±É¨·) ¨ ¶·¥¤¶µ² £ ¥³Ò° Ëµ´ (ÉµÎ±¨)
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· ¸¶ ¤  (6He) ¨ ´¥°É·µ´ ³¨, ·¥£¨¸É·¨·Ê¥³Ò³¨ ¢ ¸µ¢¶ ¤¥´¨¨ [51Ä53]. � 
·¨¸. 6 ¶·¨¢¥¤¥´ ¨§³¥·¥´´Ò° ¸¶¥±É· ÔÉµ° µÉ´µ¸¨É¥²Ó´µ° ¸±µ·µ¸É¨. ‘¶²µÏ´µ°
±·¨¢µ° ¶µ± § ´ ¸¶¥±É·, Ö¢²ÖÕÐ¨°¸Ö ¸Ê³³µ° Ëµ´  ¨ · ¸¶ ¤  7He, · ¸¸Î¨-
É ´´Ò° ¸ ¶·¨³¥´¥´¨¥³ ¨§¢¥¸É´ÒÌ ¶ · ³¥É·µ¢ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö Ö¤·  7He
(ER = 450 ±Ô‚ ¨ Γ = 160 ±Ô‚). Œ ±¸¨³Ê³Ò ¶·¨ µÉ´µ¸¨É¥²Ó´µ° ¸±µ·µ¸É¨
µ±µ²µ ±0, 8 ¸³/´¸ ¸µµÉ¢¥É¸É¢ÊÕÉ ´¥¸¢Ö§ ´´µ³Ê µ¸´µ¢´µ³Ê ¸µ¸ÉµÖ´¨Õ 7He,
¨³¥ÕÐ¥³Ê ¶·¨¢¥¤¥´´Ò¥ ¢ÒÏ¥ ¶ · ³¥É·Ò. � ¸Î¥É Ìµ·µÏµ ¢µ¸¶·µ¨§¢µ¤¨É Ô±¸-
¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥. ‚ ÔÉµ³ Ô±¸¶¥·¨³¥´É¥ ¢µ§¡Ê¦¤¥´´Òe ¸µ¸ÉµÖ´¨Ö 7He
É ±¦¥ ´¥ ¡Ò²¨ µ¡´ ·Ê¦¥´Ò.

Š ¢µ¶·µ¸Ê µ ¢µ§³µ¦´µ¸É¨ ¸ÊÐ¥¸É¢µ¢ ´¨Ö ¢ Ö¤·¥ 7He ¢µ§¡Ê¦¤¥´´ÒÌ Ê·µ¢-
´¥° ³Ò ¥Ð¥ ¢¥·´¥³¸Ö ¢ ¶. 1.4, ¶µ¸¢ÖÐ¥´´µ³ Ö¤·Ê 9He.

1.3. Ÿ¤·µ 8He Ö¢²Ö¥É¸Ö ¸ ³Ò³ ´¥°É·µ´µ¨§¡ÒÉµÎ´Ò³ ´Ê±²µ´´µ-¸É ¡¨²Ó-
´Ò³ Ö¤·µ³ (N/Z = 3). …£µ ¸É ¡¨²Ó´µ¸ÉÓ ¡Ò²  ¶·¥¤¸± § ´  ¥Ð¥ ¢ 1960 £. [54],
  Î¥·¥§ ´¥¸±µ²Ó±µ ²¥É ÔÉµ Ö¤·µ ¡Ò²µ ¸¨´É¥§¨·µ¢ ´µ. ˆ§¡ÒÉµ± ³ ¸¸Ò 8He ¨§-
³¥·Ö²¸Ö ¢ ³´µ£µÎ¨¸²¥´´ÒÌ Ô±¸¶¥·¨³¥´É Ì (¸³., ´ ¶·¨³¥·, [55]), ¨ ¢ ± Î¥¸É¢¥
Ê¸·¥¤´¥´´µ£µ §´ Î¥´¨Ö ¶·¨´ÖÉµ Œ.….= 31, 598(7) ŒÔ‚ [56]. ‚ ÔÉµ³ ¸²Ê-
Î ¥ 8He µ± §Ò¢ ¥É¸Ö ¸¢Ö§ ´´Ò³ ¶µ µÉ´µÏ¥´¨Õ ± ¨¸¶Ê¸± ´¨Õ µ¤´µ£µ ¨ ¤¢ÊÌ
´¥°É·µ´µ¢, ¸µµÉ¢¥É¸É¢¥´´µ, ´  Bn = 2, 580 ŒÔ‚ ¨ B2n = 2, 139 ŒÔ‚.

Œ¥¦¤Ê É¥³ ¤²Ö ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ÔÉµ£µ Ö¤·  ¤µ 1991 £. ¨³¥² ¸Ó
¤µ¢µ²Ó´µ ¶·µÉ¨¢µ·¥Î¨¢ Ö Ô±¸¶¥·¨³¥´É ²Ó´ Ö ¨´Ëµ·³ Í¨Ö [44, 45, 55, 57Ä59].
�µÎÉ¨ ¢µ ¢¸¥Ì ÔÉ¨Ì · ¡µÉ Ì, §  ¨¸±²ÕÎ¥´¨¥³ [55, 58, 59], ¨³¥ÕÉ¸Ö Ê± § ´¨Ö
´  ¸ÊÐ¥¸É¢µ¢ ´¨¥ ¢µ§¡Ê¦¤¥´´ÒÌ Ê·µ¢´¥° ¢ 8He. �¤´ ±µ ¡µ²ÓÏ¨´¸É¢µ ·¥§Ê²Ó-
É Éµ¢, ¶µ²ÊÎ¥´´ÒÌ ¢ ¶¥·¥Î¨¸²¥´´ÒÌ ¢ÒÏ¥ · ¡µÉ Ì, ¨³¥ÕÉ ³ ²ÊÕ ¸É É¨¸É¨±Ê.

‚ ± Î¥¸É¢¥ ¶·¨³¥·  ´  ·¨¸. 7 ¶·¥¤¸É ¢²¥´Ò ¸¶¥±É·Ò 8He, ¶µ²ÊÎ¥´´Ò¥ ¢
[44, 50, 59Ä61],   É ±¦¥ ¢ ¶µ¸²¥¤´¥³ Ô±¸¶¥·¨³¥´É¥ [62]. �±¸¶¥·¨³¥´É ²Ó´Ò¥
§´ Î¥´¨Ö Ô´¥·£¨° ¢µ§¡Ê¦¤¥´¨Ö ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 2.

‚ · ¡µÉ¥ [57] ¨¸¶µ²Ó§µ¢ ² ¸Ó ·¥ ±Í¨Ö 9Be(7Li, 8B)8He. ‚ ·¥ ±Í¨ÖÌ
9Be(9Be, 10C)8He (·¨¸. 7,a) ¨ 7Li(11B, 10C)8He ¡Ò²¨ ¶µ²ÊÎ¥´Ò [44] §´ Î¥-
´¨Ö Ô´¥·£¨° ¢µ§¡Ê¦¤¥´¨Ö ¤²Ö É·¥Ì Ê·µ¢´¥°, ´µ ¨´É¥·¶·¥É Í¨Ö ¨§³¥·¥´´ÒÌ
¸¶¥±É·µ¢ ¡Ò²  ¤µ¸É ÉµÎ´µ ¸²µ¦´µ° ¨§-§  ¸ÊÐ¥¸É¢µ¢ ´¨Ö ¸¢Ö§ ´´ÒÌ Ê·µ¢´¥°

’ ¡²¨Í  2. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶µ ¢µ§¡Ê¦¤¥´´Ò³ Ê·µ¢´Ö³ 8He (ŒÔ‚)

[57] [44] [45, 60, 61] [48] [49] [50] [62]

1,3±0,3

2,8±0,4 2,7±0,3

4,0± 0,3 3,59± 0,06 3,57± 0,12 3,6± 0,25 3,72± 0,24 3,6

4,54±0,15

∼ 5− 6 6,03±0,10

∼ 7 7,16±0,04
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�¨¸. 7. �¥§Ê²ÓÉ ÉÒ Ô±¸¶¥·¨³¥´Éµ¢ ¶µ ¶µ¨¸±Ê ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° Ö¤·  8He:
 ) ¢ ·¥ ±Í¨¨ 9Be(9Be, 10C)8He ¶·¨ Ô´¥·£¨¨ 106,7 ŒÔ‚ ¨ θ = 5◦ [44]; ¡) ¢ ·¥ ±-
Í¨¨ 9Be(π−, p)8He ¶·¨ T (π−) = 125 ŒÔ‚ ¨ θ = 20◦ [59]; ¢) 9Be(13C, 14O)8He ¶·¨
Ô´¥·£¨¨ 337 ŒÔ‚ ¨ θ = 2, 9◦ [61]; £) 10Be(12C, 14O)8He ¶·¨ Ô´¥·£¨¨ 357 ŒÔ‚ ¨
0, 0◦ < θ² ¡ < 0, 75◦ [62]

¢ Ö¤·¥ µÉ¤ Î¨ 10C. ‚ [59] ¢ ·¥ ±Í¨¨ 9Be(π−, p)8He ´ ¡²Õ¤ ²¸Ö Éµ²Ó±µ µ¤¨´
¶¨±, ±µÉµ·Ò° ¸µµÉ¢¥É¸É¢µ¢ ² µ¸´µ¢´µ³Ê ¸µ¸ÉµÖ´¨Õ 8He (·¨¸. 7,¡).

‘É É¨¸É¨Î¥¸±¨ ´ ¨¡µ²¥¥ ¤µ¸Éµ¢¥·´Ò³¨ Ö¢²ÖÕÉ¸Ö ·¥§Ê²ÓÉ ÉÒ [45, 60, 61]
(·¨¸. 7,¢). ‚ ·¥ ±Í¨¨ 9Be(13C, 14O)8He ¶·¨ Ô´¥·£¨¨ 337 ŒÔ‚ ¡Ò²  µ¶·¥¤¥²¥´ 
Ô´¥·£¨Ö ¶¥·¢µ£µ ¢µ§¡Ê¦¤¥´´µ£µ ¸µ¸ÉµÖ´¨Ö, ±µÉµ· Ö ¸µ¸É ¢²Ö² 
3,59(6) ŒÔ‚. ˜¨·¨´  ÔÉµ£µ ·¥§µ´ ´¸  Γ = 0, 80 ŒÔ‚. ‘ ¨¸¶µ²Ó§µ¢ ´¨¥³ R-
³ É·¨Î´ÒÌ · ¸Î¥Éµ¢ ¡Ò²¨ µ¶·¥¤¥²¥´Ò ´ ¨¡µ²¥¥ ¢¥·µÖÉ´Ò° ¸¶¨´ ¨ Î¥É´µ¸ÉÓ
¢µ§¡Ê¦¤¥´´µ£µ Ê·µ¢´Ö Jπ = 2+, ÎÉµ ¸µµÉ¢¥É¸É¢µ¢ ²µ ´¥°É·µ´´µ° ±µ´Ë¨£Ê-
· Í¨¨ (1p3/2)−1(1p1/2)1, ÉµÎ´µ É ± ¦¥, ± ± Ê·µ¢´¨ 2+ Ö¤¥· 10Be ¨ 12C,
¨³¥ÕÐ¨Ì Ï¥¸ÉÓ ´¥°É·µ´µ¢. �ÉµÉ Ê·µ¢¥´Ó, µÎ¥¢¨¤´µ, Ö¢²Ö¥É¸Ö ¸ ³Ò³ ´¨§±¨³
¢ 8He (· ¸Î¥ÉÒ ¶µ µ¡µ²µÎ¥Î´µ° ³µ¤¥²¨ [15] ¤ ÕÉ ÉµÉ ¦¥ ·¥§Ê²ÓÉ É).
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•µ·µÏ¥¥ ¸µ£² ¸¨¥ ¸ ·¥§Ê²ÓÉ Éµ³, ¶µ± § ´´Ò³ ´  ·¨¸. 7,¢ [45, 60, 61], ¶µ-
²ÊÎ¥´µ ¢ ·¥ ±Í¨ÖÌ ¸ · ¤¨µ ±É¨¢´Ò³¨ ¶ÊÎ± ³¨ 8He ¨ 11Li [48Ä50]. ‚ ÔÉ¨Ì
Ô±¸¶¥·¨³¥´É Ì ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¤¢¥ ³¥Éµ¤¨±¨ Å ¨§³¥·¥´¨¥ ¸¶¥±É·µ¢ ¶·µÉµ´µ¢
µÉ¤ Î¨ ¨ ³¥Éµ¤ ¨´¢ ·¨ ´É´µ° ³ ¸¸Ò.

‚ Ô±¸¶¥·¨³¥´É¥ [48] ¶·¨ Ô´¥·£¨¨ 72 ŒÔ‚/� ¨¸¶µ²Ó§µ¢ ² ¸Ó ·¥ ±Í¨Ö
´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö 8He ´  ¢µ¤µ·µ¤´µ° ³¨Ï¥´¨ ¢ µ¡· É´µ° ±¨´¥³ É¨±¥
8He(p, p′). ‚ ¸¶¥±É·¥ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö Ö¤·  8He µ¡´ ·Ê¦¥´ ¶¨±, ±µÉµ·Ò°
¸µµÉ¢¥É¸É¢Ê¥É ¢µ§¡Ê¦¤¥´´µ³Ê Ê·µ¢´Õ 8He ¸ Ô´¥·£¨¥° E∗ = (3, 6± 0, 2) ŒÔ‚.
�  µ¸´µ¢ ´¨¨ ¨§³¥·¥´´µ£µ Ê£²µ¢µ£µ · ¸¶·¥¤¥²¥´¨Ö [48, 63] ¶·µ¤Ê±Éµ¢ ´¥-
Ê¶·Ê£µ£µ ± ´ ²  ¤²Ö ¸¶¨´  ¨ Î¥É´µ¸É¨ ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö 8He ¶µ¤É¢¥·¦¤¥´µ
¶µ²ÊÎ¥´´µ¥ · ´¥¥ ¢ [45] §´ Î¥´¨¥ Jπ = 2+. ‚ ¸¶¥±É·¥ ¨´¢ ·¨ ´É´µ° ³ ¸¸Ò
¢ ·¥ ±Í¨¨ p(8He, nn 6He) ¶µ²ÊÎ¥´ ¶¨± ¶·¨ E∗ = (3, 5± 0, 15) ŒÔ‚. ˆ§ ¤¢ÊÌ
¨§³¥·¥´´ÒÌ ¢¥²¨Î¨´  ¢Éµ·Ò · ¡µÉÒ [48] ¶·¥¤² £ ÕÉ ¤²Ö ¶¥·¢µ£µ ¢µ§¡Ê¦¤¥´-
´µ£µ 2+-Ê·µ¢´Ö 8He §´ Î¥´¨¥ E∗ = (3, 57 ± 0, 12) ŒÔ‚. � ¡²Õ¤ ²µ¸Ó É ±¦¥
´¥±µÉµ·µ¥ ¶·¥¢ÒÏ¥´¨¥ Ëµ´  ¶·¨ E∗ ∼ 5, 5− 6 ŒÔ‚.

�µÌµ¦¨¥ ·¥§Ê²ÓÉ ÉÒ ¶µ²ÊÎ¥´Ò ¨ ¢ ·¥ ±Í¨¨ Ë· £³¥´É Í¨¨ 11Li (61 ŒÔ‚/�)
´  ¤¥°É¥·¨¥¢µ° ³¨Ï¥´¨ [49], ¨ ¢ ·¥ ±Í¨¨ · §¢ ²  8He (240 ŒÔ‚/�) ´  ³¨Ï¥´¨
¨§ Ê£²¥·µ¤  [50]. ‚ ¸¶¥±É· Ì ¨´¢ ·¨ ´É´µ° ³ ¸¸Ò 6He+n+n ´ ¡²Õ¤ ²¸Ö ¶¨±
¶·¨ E∗ = (3, 6± 0, 25) ŒÔ‚ ¢ ¶¥·¢µ³ ¸²ÊÎ ¥ ¨ ¶·¨ E∗ = (3, 72± 0, 24) ŒÔ‚
¸ Ï¨·¨´µ° Γ = (0, 53± 0, 43) ŒÔ‚ Å ¢µ ¢Éµ·µ³.

�  ·¨¸. 7,£ ¶µ± § ´ ·¥§Ê²ÓÉ É ¶µ¸²¥¤´¥£µ Ô±¸¶¥·¨³¥´É , ¶·µ¢¥¤¥´´µ£µ ¸
Í¥²ÓÕ ¨§ÊÎ¥´¨Ö ¢µ§¡Ê¦¤¥´´ÒÌ Ê·µ¢´¥° 8He [62]. ˆ¸¶µ²Ó§µ¢ ² ¸Ó ·¥ ±Í¨Ö
¤¢ÊÌ¶·µÉµ´´µ£µ § Ì¢ É  10Be(12C, 14O)8He ¶·¨ Ô´¥·£¨¨ 357 ŒÔ‚. ‡¤¥¸Ó,
±·µ³¥ Ê¦¥ Ìµ·µÏµ ¨§¢¥¸É´µ£µ 2+-Ê·µ¢´Ö ¸ E∗ = 3, 6 ŒÔ‚, ´ ¡²Õ¤ ²¨¸Ó É·¨
´µ¢ÒÌ ¸µ¸ÉµÖ´¨Ö ¸ E∗ = 4,54(15), 6,03(10) ¨ 7,16(4) ŒÔ‚. ˆÌ Ï¨·¨´Ò
· ¢´Ò, ¸µµÉ¢¥É¸É¢¥´´µ, 0,70(25), 0,15(15) ¨ 0,10(10) ŒÔ‚. �¡· Ð ÕÉ ´ 
¸¥¡Ö ¢´¨³ ´¨¥ ´¥¡µ²ÓÏ¨¥ §´ Î¥´¨Ö Ï¨·¨´ É·¥ÉÓ¥£µ ¨ Î¥É¢¥·Éµ£µ Ê·µ¢´¥°.
ˆÌ ³µ¦´µ µ¡ÑÖ¸´¨ÉÓ ¡µ²ÓÏ¨³ Í¥´É·µ¡¥¦´Ò³ ¡ ·Ó¥·µ³ ¤²Ö µ·¡¨ÉÒ ¸ ` = 2,
ÔÉµ µ§´ Î ¥É, ÎÉµ Ê·µ¢´¨ ¨³¥ÕÉ µÉ·¨Í É¥²Ó´ÊÕ Î¥É´µ¸ÉÓ (2−, 3−). ˆ§ ·¨¸. 7,£
¢¨¤´µ É ±¦¥, ÎÉµ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ § ¸¥²Ö¥É¸Ö ¸ ¡µ²ÓÏ¥° ¢¥·µÖÉ´µ¸ÉÓÕ
¶µ ¸· ¢´¥´¨Õ ¸ ¢µ§¡Ê¦¤¥´´Ò³¨, ÎÉµ ¨ ³µ¦´µ ¡Ò²µ µ¦¨¤ ÉÓ ¤²Ö ·¥ ±Í¨¨ ¸
§ Ì¢ Éµ³ ¶·µÉµ´µ¢.

ˆÉ ±, ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ [45, 60, 61,48Ä50] ¸²¥¤Ê¥É, ÎÉµ ¶¥·¢Ò°
¢µ§¡Ê¦¤¥´´Ò° 2+-Ê·µ¢¥´Ó 8He ²¥¦¨É ¶·¨ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ∼ 3, 6 ŒÔ‚.

’¥µ·¥É¨Î¥¸±¨¥ · ¸Î¥ÉÒ ¢µ§¡Ê¦¤¥´´ÒÌ Ê·µ¢´¥° 8He [15, 41, 43, 64] ¨ ¨Ì
¸· ¢´¥´¨¥ ¸ Ô±¸¶¥·¨³¥´Éµ³ ¶·¨¢µ¤ÖÉ¸Ö ´  ·¨¸. 8. ‚ · ¡µÉ Ì [43, 64] Ô´¥·£¨Ö
¶¥·¢µ£µ 2+-Ê·µ¢´Ö ¶·¥¤¸± §Ò¢ ¥É¸Ö · ¢´µ°, ¸µµÉ¢¥É¸É¢¥´´µ, 4,02 ¨ 4,2 ŒÔ‚,
ÎÉµ ´¥¶²µÌµ ¸µ£² ¸Ê¥É¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ §´ Î¥´¨¥³. Š·µ³¥ Éµ£µ, ¶·¥¤-
¸± §Ò¢ ¥É¸Ö ¸ÊÐ¥¸É¢µ¢ ´¨¥ Ê·µ¢´¥° ¸ Ô´¥·£¨¥° µÉ ∼ 5,7 ¤µ 6,4 ŒÔ‚ ¨ ¨³¥-
ÕÐ¨Ì ¸¶¨´ 0+, 1+, 2+ ¨²¨ 1− [15, 41, 43]. “·µ¢¥´Ó ¸ ¡²¨§±µ° Ô´¥·£¨¥°
´ ¡²Õ¤ ²¸Ö ¢ · ¡µÉ¥ [62],   É ±¦¥, ¢µ§³µ¦´µ, ¢ [48].
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�¨¸. 8. ’¥µ·¥É¨Î¥¸±¨¥ ¶·¥¤¸± § ´¨Ö ¢µ§¡Ê¦¤¥´´ÒÌ Ê·µ¢´¥° 8He [15, 41, 43, 64] ¢ ¸· ¢-
´¥´¨¨ ¸ ·¥§Ê²ÓÉ Éµ³ ¨Ì ¨§ÊÎ¥´¨Ö ¢ ·¥ ±Í¨¨ 10Be(12C, 14O)8He [62]. ‘¶· ¢  ¶µ± § ´Ò
¶µ·µ£¨ · ¸¶ ¤  Ö¤·  8He ¶ÊÉ¥³ ¨¸¶Ê¸± ´¨Ö x ´¥°É·µ´µ¢

“·µ¢¥´Ó 2+ (∼3,6 ŒÔ‚) ¢ 8He ²¥¦¨É ¢ÒÏ¥ ¶µ·µ£µ¢ ¨¸¶Ê¸± ´¨Ö ¤¢ÊÌ
¨ Î¥ÉÒ·¥Ì ´¥°É·µ´µ¢ (¸³. ·¨¸. 8). �µÔÉµ³Ê µ´ ³µ¦¥É · ¸¶ ¤ ÉÓ¸Ö ± ± ´ 
6He + 2n, É ± ¨ ´  4He + 4n. �¤´ ±µ ¢ · ¡µÉ¥ [48] ¶µ± § ´µ, ÎÉµ 8He

∗

(3,6 ŒÔ‚) ´¥¸É ¡¨²¥´ ¶µ µÉ´µÏ¥´¨Õ ± · ¸¶ ¤ ³ 6He + 2n ¨ 4He + 4n ¢
¸µµÉ´µÏ¥´¨¨ Γ4He+4n/Γ6He+2n ≤ 5%, É.¥. · ¸¶ ¤ ´  4He + 4n ³ ²µ¢¥·µÖ-
É¥´. Š·µ³¥ Éµ£µ, ¶µ¸±µ²Ó±Ê µ´ · ¸¶µ²µ¦¥´ ¢ÒÏ¥ Ê§±µ£µ ·¥§µ´ ´¸  µ¸´µ¢´µ£µ
¸µ¸ÉµÖ´¨Ö 7He, ¥£µ · ¸¶ ¤ ´  6He + 2n ³µ¦¥É ¶·µ¨¸Ìµ¤¨ÉÓ É ±¦¥ ¶µ¸²¥¤µ¢ -
É¥²Ó´µ ¤¢Ê³Ö ÔÉ ¶ ³¨ Î¥·¥§ ¶·µ³¥¦ÊÉµÎ´Ò° ·¥§µ´ ´¸ 7He.

“·µ¢´¨ 8He, ²¥¦ Ð¨¥ ¤µ¸É ÉµÎ´µ ¢Ò¸µ±µ ´ ¤ ¶µ·µ£µ³ · ¸¶ ¤ 
8He→ 4He+4n, ¶·¥¤¸É ¢²ÖÕÉ µ¸µ¡Ò° ¨´É¥·¥¸, ¶µ¸±µ²Ó±Ê ¤²Ö ´¨Ì µÉ±·ÒÉ ± -
´ ² ¸ ¢Ò²¥Éµ³ ®É¥É· ´¥°É·µ´ ¯,  , ± ± ¨§¢¥¸É´µ, Ö¤·µ 8He ¨³¥¥É α-Î ¸É¨Î´Ò°
±µ· ¨ 4 ¢ ²¥´É´ÒÌ ´¥°É·µ´ . �µÔÉµ³Ê, ÌµÉÖ ¶µ±  ´¥É É¥µ·¥É¨Î¥¸±¨Ì ¨²¨ Ô±¸-
¶¥·¨³¥´É ²Ó´ÒÌ  ·£Ê³¥´Éµ¢ ¢ ¶µ²Ó§Ê µ¡· §µ¢ ´¨Ö 4n-±² ¸É¥· , ¢¥·µÖÉ´µ¸ÉÓ
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¥£µ ¸ÊÐ¥¸É¢µ¢ ´¨Ö ¢ Ö¤·¥ 8He ´¥²Ó§Ö ¨¸±²ÕÎ¨ÉÓ. �¥ ¨¸±²ÕÎ¥´µ É ±¦¥, ÎÉµ
³µ¦¥É ¸ÊÐ¥¸É¢µ¢ ÉÓ ¨ ¤¨´¥°É·µ´´Ò° ±² ¸É¥·. ‚¥·µÖÉ´µ¸ÉÓ µ¡· §µ¢ ´¨Ö · §-
´ÒÌ ±² ¸É¥·µ¢ ³µ¦¥É ¡ÒÉÓ µÍ¥´¥´  ¨§  ´ ²¨§  ±µ´É¨´ÊÊ³  ¢ Ô´¥·£¥É¨Î¥¸±¨Ì
¸¶¥±É· Ì, É ± ± ± ¥£µ µ¶¨¸ ´¨¥ ¸ ¶µ³µÐÓÕ · ¸¶·¥¤¥²¥´¨Ö Ë §µ¢µ£µ ¶·µ¸É· ´-
¸É¢  § ¢¨¸¨É µÉ ±µ²¨Î¥¸É¢  ¨ µÉ ³ ¸¸ Î ¸É¨Í ¢ ¢ÒÌµ¤´µ³ ± ´ ²¥. �¢Éµ·Ò
· ¡µÉÒ [65], ¢ ¸¢Ö§¨ ¸ µ¡´ ·Ê¦¥´´Ò³ £ ²µ ¢ ¸² ¡µ¸¢Ö§ ´´ÒÌ ´¥°É·µ´µ¨§¡Ò-
ÉµÎ´ÒÌ Ö¤· Ì, µ¡¸Ê¦¤ ÕÉ ¨¤¥Õ Œ¨£¤ ²  [3], ÎÉµ ´¥¸¢Ö§ ´´Ò° ¤¨´¥°É·µ´ (´ 
∼ 70 ±Ô‚) ¢ ¶µ²¥ Ö¤·  ³µ¦¥É ¢¥¸É¨ ¸¥¡Ö ± ± ¶ ·  ¸² ¡µ¸¢Ö§ ´´ÒÌ ´¥°É·µ´µ¢.

‚µ¶·µ¸ o ¸ÊÐ¥¸É¢µ¢ ´¨¨ ¤¨´¥°É·µ´  ¢ Ö¤·¥ 8He µ¡¸Ê¦¤ ²¸Ö ¢ [59]. Ÿ¤·µ
8He ¢ ÔÉµ° · ¡µÉ¥ ¡Ò²µ µ¡· §µ¢ ´µ ¢ ·¥ ±Í¨¨ ¶µ£²µÐ¥´¨Ö ¶¨µ´µ¢
9Be(π−, p)8He ¶·¨ Ô´¥·£¨¨ 125 ŒÔ‚. �µ²ÊÎ¥´´Ò° Ô±¸¶¥·¨³¥´É ²Ó´Ò° ¸¶¥±É·
¶µ± § ´ ´  ·¨¸. 7,¡. �¢Éµ·Ò ´¥ ¸³µ£²¨ ¥£µ µ¶¨¸ ÉÓ ¸ ¶µ³µÐÓÕ Ë §µ¢µ£µ ¶·µ-
¸É· ´¸É¢ , ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ · §¢ ²Ê 8He→ 6He+n+n. “¤µ¢²¥É¢µ·¨É¥²Ó´µ¥
¸µ£² ¸¨¥ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ÉµÎ± ³¨ ¡Ò²µ ¶µ²ÊÎ¥´µ ¸ ÊÎ¥Éµ³ ¤¢ÊÌ ± ´ -
²µ¢ · ¸¶ ¤ : 8He→ 6He + 2n ¨ 8He→ 3H + 3H + 2n. �¥±µÉµ·µ¥ Ê²ÊÎÏ¥´¨¥
¢ µ¶¨¸ ´¨¨ ¸¶¥±É·  ¡Ò²µ ¤µ¸É¨£´ÊÉµ ¶·¨ ¤µ¡ ¢²¥´¨¨ ³ ²µ£µ ¢±² ¤  µÉ ¶·µ-
Í¥¸¸  8He→ 6He + n+ n. ‚ Éµ ¦¥ ¢·¥³Ö ± ´ ² · ¸¶ ¤  8He→ 7He + n ¤²Ö
µ¶¨¸ ´¨Ö ¸¶¥±É·   ¢Éµ·Ò ´¥ ÊÎ¨ÉÒ¢ ²¨. �  µ¸´µ¢ ´¨¨ É ±µ£µ  ´ ²¨§  ¢ · -
¡µÉ¥ [59] ¡Ò² ¸¤¥² ´ ¢Ò¢µ¤ µ Éµ³, ÎÉµ ¤¨´¥°É·µ´ ³µ¦¥É ¸ÊÐ¥¸É¢µ¢ ÉÓ Éµ²Ó±µ
¢ ³µ³¥´É · §¢ ²  Ö¤·  8He.

Œ¥¦¤Ê É¥³ ¢µ¶·µ¸ µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ¤¨´¥°É·µ´  ¢ 8He É·¥¡Ê¥É ¤ ²Ó´¥°-
Ï¥£µ ¨§ÊÎ¥´¨Ö.

‚ Ö¤·¥ 8He, É ± ¦¥ ± ± ¢ 6He, µ¡´ ·Ê¦¥´  ´¥°É·µ´´ Ö ®ÏÊ¡ ¯. ‚Ò¸± § ´µ
É ±¦¥ ¶·¥¤¶µ²µ¦¥´¨¥, ÎÉµ ÔÉµ ¥¸ÉÓ ¶·µÖ¢²¥´¨¥ £ ²µ ¢Éµ·µ£µ ·µ¤  [2]. ‚µ¶·µ¸
ÔÉµÉ Ê¦¥ µ¡¸Ê¦¤ ²¸Ö ¢ ¶. 1.1, ¶µÔÉµ³Ê §¤¥¸Ó µ¸É ´µ¢¨³¸Ö ²¨ÏÓ ´  µ¸´µ¢´ÒÌ
¢Ò¢µ¤ Ì. ‘·¥¤´¥±¢ ¤· É¨Î´Ò° · ¤¨Ê¸ Ö¤¥·´µ£µ ¢¥Ð¥¸É¢  Rmrms µÎ¥´Ó ¸¨²Ó´µ
Ê¢¥²¨Î¨¢ ¥É¸Ö ¶·¨ ¶¥·¥Ìµ¤¥ µÉ 4He (1,57±0,5 Ë³) ± 6He (2,48±0,3 Ë³) ¨
8He (2,52±0,3 Ë³) [20], ÎÉµ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ Éµ³, ÎÉµ Ö¤·µ 8He µ¡² ¤ ¥É
¡µ²ÓÏ¨³ ¶·µ¸É· ´¸É¢¥´´Ò³ · ¸¶·¥¤¥²¥´¨¥³ ´¥°É·µ´µ¢ ¢µ±·Ê£ ´¥±µe£µ ±µ· .
�  µ¸´µ¢¥ ¨§³¥·¥´´ÒÌ §´ Î¥´¨° ¸¥Î¥´¨° ¢§ ¨³µ¤¥°¸É¢¨Ö (σI ) ¨ µÉ¤¥²¥´¨Ö
¤¢ÊÌ ¨ Î¥ÉÒ·¥Ì ´¥°É·µ´µ¢ (σ−2n ¨ σ−4n) ¡Ò² ¸¤¥² ´ ¢Ò¢µ¤ µ Éµ³, ÎÉµ Éµ²Ð¨´ 
´¥°É·µ´´µ° ®ÏÊ¡Ò¯ ¢ 8He ¸µ¸É ¢²Ö¥É ∼0,9 Ë³ [21]. Š ± ¨ ¤²Ö 6He, ÔÉµ
´ ¨¡µ²¥¥ Éµ²¸É Ö ´¥°É·µ´´ Ö ®ÏÊ¡ ¯, ´ ¡²Õ¤ ¥³ Ö ¢ Ö¤· Ì. �·¨ ÔÉµ³ [21]
Rprms = (1, 76 ± 0, 03) Ë³,   Rnrms = (2, 69 ± 0, 04) Ë³ (¸³. É ¡². 1). …Ð¥
¡µ²¥¥ ¸ÊÐ¥¸É¢¥´´Ò³ Ö¢²Ö¥É¸Ö ¢Ò¢µ¤ µ Éµ³, ÎÉµ 8He ¸µ¸Éµ¨É ¨§ α-Î ¸É¨Î´µ£µ
±µ· , ¢µ±·Ê£ ±µÉµ·µ£µ ´ Ìµ¤¨É¸Ö ®ÏÊ¡ ¯ ¨§ Î¥ÉÒ·¥Ì ´¥°É·µ´µ¢,   ´¥ ¨§ Ö¤· 
6He ± ± ±µ·  ¶²Õ¸ ¤¢  ´¥°É·µ´  [21]. ®˜Ê¡Ê¯ 8He ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ± ±
¶·¨³¥· Î¨¸Éµ° ´¥°É·µ´´µ° ³ É¥·¨¨.

�Ê±²µ´´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¢ Ö¤·¥ 8He ¨§ÊÎ ²¨¸Ó ¸ ¶µ³µÐÓÕ Ê¶·Ê£µ£µ · ¸-
¸¥Ö´¨Ö ´  ¶·µÉµ´´µ° ³¨Ï¥´¨ ¢ µ¡· É´µ° ±¨´¥³ É¨±¥ ¶·¨ Ô´¥·£¨¨
∼ 700 ŒÔ‚/� [22]. “¤µ¢²¥É¢µ·¨É¥²Ó´µ¥ µ¶¨¸ ´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ
¡Ò²µ ¶µ²ÊÎ¥´µ ¸o §´ Î¥´¨¥³ ¸·¥¤´¥±¢ ¤· É¨Î´µ£µ · ¤¨Ê¸  Ö¤¥·´µ£µ ¢¥Ð¥¸É¢ ,
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· ¢´Ò³ Rmrms = (2, 45± 0, 07) Ë³ ¢ ¸µ£² ¸¨¨ ¸ ¤ ´´Ò³¨ ¨§ [17, 20, 21]. „²Ö
¸·¥¤´¥±¢ ¤· É¨Î´µ£µ · ¤¨Ê¸  ´¥°É·µ´´µ£µ · ¸¶·¥¤¥²¥´¨Ö ¶µ²ÊÎ¥´µ §´ Î¥´¨¥
Rnrms = (2, 67 ± 0, 05) Ë³, ¨ Éµ£¤  Rnrms − Rprms = (1, 12 ± 0, 17) Ë³. �ÉµÉ
·¥§Ê²ÓÉ É ¶µ¤É¢¥·¤¨² ´ ²¨Î¨¥ Éµ²¸Éµ° ´¥°É·µ´´µ° ®ÏÊ¡Ò¯ ¢ Ö¤·¥ 8He. �µ²¥¥
¶µ§¤´¨°  ´ ²¨§ [25] ÔÉ¨Ì ¦¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³
¤·Ê£µ£µ ¶µ¤Ìµ¤  (¸³. ¶. 1.1) ¤ ² ´¥¸±µ²Ó±µ ¡µ²ÓÏ¥¥ §´ Î¥´¨¥ Rmrms = 2, 60 Ë³.

� ¸· ¢´¨É¥²Ó´µ³ ¨¸¸²¥¤µ¢ ´¨¨ Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ´  ¶·µÉµ´¥ ·Ö¤  Ö¤¥·,
¢ Éµ³ Î¨¸²¥ 8He, ¶·¨ ¶·µ³¥¦ÊÉµÎ´ÒÌ Ô´¥·£¨ÖÌ µÉ 32 ¤µ 75 ŒÔ‚/� [26] Ê¦¥
µÉ³¥Î ²µ¸Ó ¢ÒÏ¥ ¢ ¶. 1.1.

’¥µ·¥É¨Î¥¸±¨° · ¸Î¥É, ¢ ±µÉµ·µ³ ¨¸¶µ²Ó§µ¢ ² ¸Ó 5-Î ¸É¨Î´ Ö
(α+ 4n)-³µ¤¥²Ó ¢ · ³± Ì ¶·¨¡²¨¦¥´¨Ö ±² ¸É¥·´µ-µ·¡¨É ²Ó´µ° µ¡µ²µÎ¥Î´µ°
³µ¤¥²¨ COSMA, ¤²Ö Ö¤·  8He É ±¦¥ ¤ ¥É ¶µ¤É¢¥·¦¤¥´¨¥ ¸¨²Ó´µ µÉ²¨Î Õ-
Ð¨Ì¸Ö ´¥°É·µ´´µ£µ ¨ ¶·µÉµ´´µ£µ ¶·µ¸É· ´¸É¢¥´´ÒÌ · ¸¶·¥¤¥²¥´¨° [66].

ˆ´É¥·¥¸´ Ö ¨´Ëµ·³ Í¨Ö ¡Ò²  ¶µ²ÊÎ¥´  ¢ ·¥§Ê²ÓÉ É¥ ¨§³¥·¥´¨° ¨³¶Ê²Ó¸-
´ÒÌ · ¸¶·¥¤¥²¥´¨° ¶·µ¤Ê±Éµ¢, µ¡· §ÊÕÐ¨Ì¸Ö ¶·¨ Ë· £³¥´É Í¨¨ 8He ¶·¨
· §´ÒÌ Ô´¥·£¨ÖÌ [19, 34, 50, 67]. ‚ · ¡µÉ¥ [34] ¡Ò² ¸¤¥² ´ ¢Ò¢µ¤ µ Éµ³, ÎÉµ
³¥Ì ´¨§³ ¶µ¸²¥¤µ¢ É¥²Ó´µ£µ · ¸¶ ¤  Î¥·¥§ ¶·µ³¥¦ÊÉµÎ´Ò° ·¥§µ´ ´¸ (7He)
Ö¢²Ö¥É¸Ö ¶·¥µ¡² ¤ ÕÐ¨³ ¢ ¶·µÍ¥¸¸¥ µ¡· §µ¢ ´¨Ö 6He ¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨
8He ¸ Ö¤·µ³ ³¨Ï¥´¨ (¶·¨ ¡µ²ÓÏµ° Ô´¥·£¨¨). ˆ³¶Ê²Ó¸´Ò¥ · ¸¶·¥¤¥²¥´¨Ö
6He ¨ ´¥°É·µ´µ¢, ¶µ²ÊÎ¥´´Ò¥ ¢ · ¡µÉ¥ [19], ¡Ò²¨ µ¶¨¸ ´Ò ¢ · ³± Ì ³µ¤¥²¨
COSMA ¤²Ö Ö¤·  8He ¸ ÊÎ¥Éµ³ ¢ÒÏ¥Ê¶µ³Ö´ÊÉµ£µ ³¥Ì ´¨§³  ¶·µ³¥¦ÊÉµÎ´µ£µ
·¥§µ´ ´¸  [66]. �¤´ ±µ ¢ [34, 50] ¡Ò²  µÉ³¥Î¥´  ´¥µ¡Ìµ¤¨³µ¸ÉÓ · ¸¸³µÉ·¥ÉÓ
É ±¦¥ ¶µ¸²¥¤µ¢ É¥²Ó´Ò° · ¸¶ ¤ ¨§ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨°. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³
¢ [50] ¡Ò² · ¸¸³µÉ·¥´ ¢±² ¤ ¶µ¸²¥¤µ¢ É¥²Ó´µ£µ · ¸¶ ¤  Î¥·¥§ ¢µ§¡Ê¦¤¥´´Ò°
Ê·µ¢¥´Ó 8He ¶·¨ E∗ ≈ 3, 6 ŒÔ‚, ±µÉµ·Ò° ³µ¦¥É · ¸¶ ¤ ÉÓ¸Ö ´  6He ¶²Õ¸ ¤¢ 
´¥°É·µ´  ´¥¶µ¸·¥¤¸É¢¥´´µ ¨²¨ Î¥·¥§ 7He (· ¸¶ ¤ ´  4He + 4n ³ ²µ¢¥·µÖÉ¥´,
± ± ¡Ò²µ Ê¦¥ ¶µ± § ´µ).

1.4. Ÿ¤·µ 9He Å µ¤´µ ¨§ ´ ¨¡µ²¥¥ ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ Ö¤¥·, ±µ£¤ -
²¨¡µ ´ ¡²Õ¤ ¢Ï¨Ì¸Ö ¢ Ô±¸¶¥·¨³¥´É¥ (N/Z = 3, 5); µ´µ ´Ê±²µ´´µ-´¥¸É ¡¨²Ó´µ.

� §²¨Î´Ò¥ É¥µ·¥É¨Î¥¸±¨¥ ¶µ¤Ìµ¤Ò ¤ ÕÉ ¸¨²Ó´Ò° · §¡·µ¸ ¢ §´ Î¥´¨ÖÌ
¨§¡ÒÉ±  ³ ¸¸Ò ¨ Ô´¥·£¨¨ ¸¢Ö§¨ ´¥°É·µ´  [15, 41, 68Ä74]. � ¨³¥´ÓÏ Ö · ¸Î¥É-
´ Ö Ô´¥·£¨Ö, ´  ±µÉµ·ÊÕ Ö¤·µ 9He ´¥ ¸¢Ö§ ´µ, · ¢´  1,21 ŒÔ‚ [41], ¨ ²¨ÏÓ
¢ µ¤´µ° · ¡µÉ¥ ¶·¥¤¸± §Ò¢ ¥É¸Ö ¥£µ ¸É ¡¨²Ó´µ¸ÉÓ (Bn = +1, 67 ŒÔ‚ [70]).
‚ ¡µ²ÓÏ¨´¸É¢¥ · ¡µÉ · ¸Î¥É´Ò¥ §´ Î¥´¨Ö Ô´¥·£¨¨ · ¸¶ ¤  9He ´  8He + n
²¥¦ É ¢ ¤¨ ¶ §µ´¥ µÉ 2,3 ¤µ 4,4 ŒÔ‚. �¤´ ±µ, ÊÎ¨ÉÒ¢ Ö, ÎÉµ Ô´¥·£¨¨ Ô³¨¸¸¨¨
µ¤´µ£µ ´¥°É·µ´  ¨§ ´Ê±²µ´´µ-´¥¸É ¡¨²Ó´ÒÌ ´¥Î¥É´ÒÌ ¨§µÉµ¶µ¢ 5He ¨ 7He,
¸µµÉ¢¥É¸É¢¥´´µ, · ¢´ÖÕÉ¸Ö 0,9 ¨ 0,4 ŒÔ‚ (¶µ ³¥Éµ¤Ê ƒ ·¢¨ Å Š¥²¸µ´  ³µ¦´µ
¡Ò²µ µ¦¨¤ ÉÓ §´ Î¥´¨Ö 1,3 ¨ 2,3 ŒÔ‚), ¶·¥¤¶µ² £ ²µ¸Ó, ÎÉµ Ö¤·µ 9He É ±¦¥
¡µ²¥¥ ¸É ¡¨²Ó´µ, Î¥³ ¸Î¨É ²µ¸Ó · ´¥¥.
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’ ¡²¨Í  3. �±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö ¨§¡ÒÉ±  ³ ¸¸Ò (Œ.….) ¨ Ô´¥·£¨¨ ¸¢Ö§¨
µ¤´µ£µ ´¥°É·µ´  (Bn) ¤²Ö Ö¤·  9He

‘¸Ò²±  Œ.…., ŒÔ‚ Bn, ŒÔ‚

[68] 40, 80± 0, 10 −1, 13± 0, 10

[75] 41, 5± 1, 0 −1, 83± 1, 00

[45] 40, 83± 0, 08 −1, 16± 0, 08

[46] 40, 94± 0, 10 −1, 27± 0, 10

[56]* 40, 82± 0, 06 −1, 15± 0, 06

∗ ‡´ Î¥´¨Ö, ¶·¨´ÖÉÒ¥ ´  µ¸´µ¢¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ.

�Éµ ¶·¥¤¶µ²µ¦¥´¨¥ ¶µ¤É¢¥·¤¨²¨ ¢¸¥ Ô±¸¶¥·¨³¥´ÉÒ ¶µ ¨§ÊÎ¥´¨Õ ¸É·Ê±-
ÉÊ·Ò Ö¤·  9He [45, 46, 58, 60, 61, 68, 75]. ‚ É ¡². 3 ¶·¨¢¥¤¥´Ò Ô±¸¶¥·¨³¥´É ²Ó-
´Ò¥ §´ Î¥´¨Ö ¨§¡ÒÉ±  ³ ¸¸Ò 9He,   É ±¦¥ Ô´¥·£¨¨ ¸¢Ö§¨ µ¤´µ£µ ´¥°É·µ´ .

�  ·¨¸. 9 ¶µ± § ´Ò ·¥§Ê²ÓÉ ÉÒ ´¥±µÉµ·ÒÌ Ô±¸¶¥·¨³¥´Éµ¢. ‚µ ¢¸¥Ì ¸²ÊÎ -
ÖÌ ¨¸¶µ²Ó§µ¢ ²¨¸Ó ·¥ ±Í¨¨ ¤¢µ°´µ° ¶¥·¥§ ·Ö¤±¨: ¢ ¶¥·¢µ³ ¸²ÊÎ ¥ ´  π-³¥§µ-
´ Ì, ¢ µ¸É ²Ó´ÒÌ Å ¸ ÉÖ¦¥²Ò³¨ ¨µ´ ³¨.

�¥·¢Ò° Ô±¸¶¥·¨³¥´É [68] ¡Ò² ¶·µ¢¥¤¥´ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ·¥ ±Í¨¨ ¤¢µ°-
´µ° ¶¥·¥§ ·Ö¤±¨ ´  π-³¥§µ´ Ì 9Be(π−, π+)9He ¶·¨ Ô´¥·£¨¨ 194 ŒÔ‚.‚ ¸¶¥±É-

�¨¸. 9. ‘¶¥±É·Ò Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö Ö¤·  9He, ¶µ²ÊÎ¥´´Ò¥ ¢ ·¥ ±Í¨ÖÌ:
 ) 9Be (π−, π+) 9He ¶·¨ Ô´¥·£¨¨ π-³¥§µ´µ¢ 180 ŒÔ‚ ¨ θ = 15◦ [68];
¡) 9Be (13C, 13O) 9He ¶·¨ Ô´¥·£¨¨ 381 ŒÔ‚ ¨ θ = 2, 5◦ [45]; ¢) 9Be (14C, 14O) 9He
¶·¨ Ô´¥·£¨¨ 337 ŒÔ‚ ¨ θ = 4, 6◦ − 6, 4◦ [60, 61]
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�¨¸. 10. ’¥µ·¥É¨Î¥¸±¨¥ ¶·¥¤¸± § ´¨Ö ¢µ§¡Ê¦¤¥´´ÒÌ Ê·µ¢´¥° 9He [15, 41, 73, 76, 77] ¢
¸· ¢´¥´¨¨ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ·¥§Ê²ÓÉ É ³¨ [45, 60, 61, 68]

·¥ π-³¥§µ´µ¢ ´ ¡²Õ¤ ²¸Ö ¶¨±, ¸µµÉ¢¥É¸É¢ÊÕÐ¨° µ¸´µ¢´µ³Ê ¸µ¸ÉµÖ´¨Õ 9He ¸
Ï¨·¨´µ° ∼ 1 ŒÔ‚. �Ò²¨ ¶µ²ÊÎ¥´Ò É ±¦¥ Ê± § ´¨Ö ¨ ´  ¸ÊÐ¥¸É¢µ¢ ´¨¥
¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¸ Ô´¥·£¨Ö³¨ ∼ 2 ¨ 4 ŒÔ‚. ‚ Éµ° ¦¥ ·¥ ±Í¨¨
9Be(π−, π+)9He, ¶·¨ Ô´¥·£¨¨ 180 ŒÔ‚ ¨ ¸ ²ÊÎÏ¨³ Ô´¥·£¥É¨Î¥¸±¨³ · §·¥-
Ï¥´¨¥³, ¡Ò²¨ ÊÉµÎ´¥´Ò Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´´ÒÌ Ê·µ¢´¥°. ‘¶¥±É· π+-³¥§µ´µ¢,
¶µ²ÊÎ¥´´Ò° ¢ ÔÉµ³ ¸²ÊÎ ¥, ¶µ± § ´ ´  ·¨¸. 9, . � ¡²Õ¤ ²¨¸Ó É·¨ ¶¨± , ±µ-
Éµ·Ò¥ ¸µµÉ¢¥É¸É¢ÊÕÉ Ô´¥·£¨Ö³ ¢µ§¡Ê¦¤¥´¨Ö 1,2; 3,8 ŒÔ‚ ¨, ¸ ³¥´ÓÏ¥° ¸É -
É¨¸É¨±µ°, 7,0 ŒÔ‚. �¢Éµ·Ò ¨¤¥´É¨Ë¨Í¨·µ¢ ²¨ ÔÉ¨ ¶¨±¨ ± ± ¢µ§¡Ê¦¤¥´´Ò¥
Ê·µ¢´¨ ¢ Ö¤·¥ 9He, ¨³¥ÕÐ¨¥ ¸¶¨´Ò ¨ Î¥É´µ¸É¨ 1/2−, 1/2+ ¨ 5/2+ (¨²¨
3/2−) ¸µµÉ¢¥É¸É¢¥´´µ. �µ²¥¥ Ï¨·µ±µ¥ · ¸¶·¥¤¥²¥´¨¥ ¶·¨ ∼ 7 ŒÔ‚, ¶µ ³´¥-
´¨Õ  ¢Éµ·µ¢, ³µ£²µ ¸µµÉ¢¥É¸É¢µ¢ ÉÓ ¸µ¸ÉµÖ´¨Õ (3/2− ¨²¨ 5/2+) ¶·¨ Ô´¥·£¨¨
∼ 6, 4÷ 6, 9 ŒÔ‚, ±µÉµ·µ¥ ¶·¥¤¸± §Ò¢ ²µ¸Ó · ´¥¥ ¢ [41, 73] (¸³. ·¨¸. 10).

�  µ¸´µ¢ ´¨¨ ÔÉ¨Ì ¤¢ÊÌ Ô±¸¶¥·¨³¥´Éµ¢ ¨§¡ÒÉµ± ³ ¸¸Ò 9He ¡Ò² µ¶·¥-
¤¥²¥´ · ¢´Ò³ Œ.….= (40, 80 ± 0, 10) ŒÔ‚. ’ ±¨³ µ¡· §µ³, µ¸´µ¢´µ¥ ¸µ¸Éµ-
Ö´¨¥ 9He µ± § ²µ¸Ó ´¥¸É ¡¨²Ó´Ò³ ¶µ µÉ´µÏ¥´¨Õ ± · ¸¶ ¤Ê ´  8He + n ´ 
(1, 13± 0, 10) ŒÔ‚ [68].

Ÿ¤·µ 9He ¨§ÊÎ ²µ¸Ó É ±¦¥ ¢ ·¥ ±Í¨ÖÌ ¤¢µ°´µ° ¶¥·¥§ ·Ö¤±¨ ´  ÉÖ¦¥²ÒÌ
¨µ´ Ì,   ¨³¥´´µ ¢ ·¥ ±Í¨ÖÌ 9Be(13C, 13O)9He ¶·¨ Ô´¥·£¨¨ 381 ŒÔ‚ [58, 45]
¨ 9Be(14C, 14O)9He ¶·¨ Ô´¥·£¨¨ 158 [75] ¨ 337 ŒÔ‚ [46, 60, 61].
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�¨¸. 11. � ¸Î¥É ¢ · ³± Ì ³¥Éµ¤  ¸¢Ö§ ´´ÒÌ ± ´ ²µ¢ ¤²Ö ·¥ ±Í¨¨ 2n − 2p-µ¡³¥´ 
9Be(14C, 14O)9He, ¢¥¤ÊÐ¥° ±  ) µ¸´µ¢´µ³Ê ¸µ¸ÉµÖ´¨Õ, ¡) ¢µ§¡Ê¦¤¥´´µ³Ê ¸µ¸ÉµÖ´¨Õ
3,9 ŒÔ‚ ¸ Jπ = 5/2+, ¢) ¨ £) ¢µ§¡Ê¦¤¥´´µ³Ê ¸µ¸ÉµÖ´¨Õ 1,2 ŒÔ‚, ¸µµÉ¢¥É¸É¢¥´´µ, ¸
Jπ = 1/2+ ¨ 3/2− [79]

‘¶¥±É· 13O, ¶µ²ÊÎ¥´´Ò° ¢ · ¡µÉ¥ [45], ¶µ± § ´ ´  ·¨¸. 9,¡. � ¡²Õ¤ ²µ¸Ó
µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ (1,16(8) ŒÔ‚ ´ ¤ ¶µ·µ£µ³ · ¸¶ ¤  ´  8He + n) ¨ ¤¢ 
¢µ§¡Ê¦¤¥´´ÒÌ Ê·µ¢´Ö ¶·¨ E∗ = 1,15(10) ¨ 3,80(12) ŒÔ‚.

�µ²ÊÎ¥´´Ò° ¢ ·¥ ±Í¨¨ 9Be(14C, 14O)9He [46, 60, 61] ·¥§Ê²ÓÉ É ¶·¥¤¸É ¢-
²¥´ ´  ·¨¸. 9,¢. „²Ö ³ ¸¸Ò 9He µ¶·¥¤¥²¥´µ §´ Î¥´¨¥ Œ.….= 40,94(10) ŒÔ‚,
É.¥. Ô´¥·£¨Ö ¸¢Ö§¨ ¶µ¸²¥¤´¥£µ ´¥°É·µ´  ¢ 9He · ¢´  1,27(10) ŒÔ‚. �Éµ
§´ Î¥´¨¥, ¢ · ³± Ì Ô±¸¶¥·¨³¥´É ²Ó´µ° µÏ¨¡±¨, ¸µ¢¶ ²µ ¸ ·¥§Ê²ÓÉ É ³¨ · -
¡µÉ [45, 68]. ˜¨·¨´  ·¥§µ´ ´¸  µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¢ ÔÉµ° ·¥ ±Í¨¨ ¸µ-
¸É ¢¨²  Γ = 0, 10(6) ŒÔ‚, ¨ µ´  ¸µ£² ¸µ¢ ´  ¸ R-³ É·¨Î´Ò³¨ · ¸Î¥É ³¨ ¤²Ö
¸µ¸ÉµÖ´¨Ö ν1p1/2. �  ³´µ£µÎ ¸É¨Î´µ³ ±µ´É¨´ÊÊ³¥, ±µÉµ·Ò° µ¶¨¸Ò¢ ²¸Ö · ¸-
¶ ¤µ³ ·¥§µ´ ´¸  ¢ ¢Ò¸µ±µ¢µ§¡Ê¦¤¥´´µ³ 16O

∗
, ´ ¡²Õ¤ ²µ¸Ó ¥Ð¥ ´¥¸±µ²Ó±µ ·¥-

§µ´ ´¸µ¢ ¶·¨ Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö 1,15(9), 3,03(8) ¨ 3,98(8) ŒÔ‚. �·¨ Ô´¥·-
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£¨¨ 7,9 ŒÔ‚ ´ ¡²Õ¤ ²¸Ö ¥Ð¥ µ¤¨´ Ï¨·µ±¨° ¶¨±. ˜¨·¨´  ¶¥·¢µ£µ ¢µ§¡Ê¦¤¥´-
´µ£µ Ê·µ¢´Ö ¶·¨ Ô´¥·£¨¨ 1,15 ŒÔ‚ ¸µ¸É ¢²Ö²  Γ = 0, 7(2) ŒÔ‚. �¢Éµ·Ò µ¶·¥-
¤¥²¨²¨, ÎÉµ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ÔÉµ° Ï¨·¨´¥ ¸¶¨´ ¨ Î¥É´µ¸ÉÓ ³µ£ÊÉ ¡ÒÉÓ ²¨¡µ
1/2+, ²¨¡µ 3/2−. �¥§µ´ ´¸Ò ¸ ` = 0 ¸¨²Ó´µ ¶µ¤ ¢²¥´Ò ¢ ÔÉµ° ·¥ ±Í¨¨, ¨ ¡µ-
²¥¥ ¢¥·µÖÉ´Ò³ Ö¢²Ö¥É¸Ö ¢ ·¨ ´É 3/2− ¸ ±µ´Ë¨£Ê· Í¨¥° (π1p1/2)2(ν1p3/2)−1.
’ ±µ° ·¥§Ê²ÓÉ É ¡Ò² ¶µ²ÊÎ¥´ ¨ ¶µ · ¸Î¥É ³ ³¥Éµ¤µ³ ¸¢Ö§ ´´ÒÌ ± ´ ²µ¢ ¤²Ö
µ¡¥¨Ì ·¥ ±Í¨° 9Be(13C, 13O)9He [78] ¨ 9Be(14C, 14O)9He [79]. Š ± ¢¨¤´µ
¨§ ·¨¸. 11, ²ÊÎÏ¥¥ ¸µ£² ¸¨¥ ³¥¦¤Ê · ¸Î¥Éµ³ ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ §´ Î¥´¨¥³
¸¥Î¥´¨Ö ¶µ²ÊÎ ¥É¸Ö ¢ ¸²ÊÎ ¥ 3/2−. ‘²¥¤ÊÕÐ¨¥ ¤¢  ·¥§µ´ ´¸  ¶·¨ 3,03 ¨
3,98 ŒÔ‚ ¤µ¢µ²Ó´µ Ê§±¨¥ ¨ ¨Ì Ï¨·¨´Ò ¡Ò²¨ µ¡ÑÖ¸´¥´Ò ¸ ¶µ³µÐÓÕ ` = 2 µ·-
¡¨É. �·¨ ÔÉµ³ Ê·µ¢¥´Ó 3,03 ŒÔ‚ ³µ£ ¡Ò ¸µµÉ¢¥É¸É¢µ¢ ÉÓ ´ Ìµ¦¤¥´¨Õ µ¤´µ£µ
´¥°É·µ´  ´  µ·¡¨É¥ 1d5/2. “·µ¢¥´Ó 3,98 ŒÔ‚, ¢µ§³µ¦´µ, ¨³¥¥É ¡µ²¥¥ ¸²µ¦-
´ÊÕ ±µ´Ë¨£Ê· Í¨Õ, ¸µµÉ¢¥É¸É¢ÊÕÐÊÕ ¸²ÊÎ Õ, ±µ£¤  ± ´¥°É·µ´´µ° ±µ´Ë¨£Ê-
· Í¨¨ [(1s1/2)2 ⊗ (1p3/2)3 ⊗ (1p1/2)1]+2 ¤µ¡ ¢²¥´ µ¤¨´ ´¥°É·µ´ ´  µ·¡¨É¥
1d5/2. �  ¸ ³µ³ ¤¥²¥ ÔÉµ ¨³¥¥É ³¥¸Éµ, ±µ£¤  ± ¢µ§¡Ê¦¤¥´´µ³Ê Jπ = 2+-¸µ-
¸ÉµÖ´¨Õ Ö¤·  8He ¶µ¸ ¦¥´ µ¤¨´ ´¥°É·µ´ ´  1d5/2-µ¡µ²µÎ±Ê. � ¸Î¥ÉÒ ¤²Ö
Ê·µ¢´Ö 3,9 ŒÔ‚ ¢ · ³± Ì ³µ¤¥²¨ ¸¢Ö§ ´´ÒÌ ± ´ ²µ¢ [78, 79] ¤ ÕÉ §´ Î¥´¨¥
Jπ = 5/2+.

�  ·¨¸. 10 ¸· ¢´¨¢ ÕÉ¸Ö ¶µ²ÊÎ¥´´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¸
· ¸Î¥É ³¨ ¢ · §´ÒÌ É¥µ·¥É¨Î¥¸±¨Ì ¶µ¤Ìµ¤ Ì. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ
¶µ Ô´¥·£¨Ö³ Ê·µ¢´¥° ¢ · ³± Ì Ô±¸¶¥·¨³¥´É ²Ó´µ° µÏ¨¡±¨ Ìµ·µÏµ ¸µ£² ¸Ê-
ÕÉ¸Ö ³¥¦¤Ê ¸µ¡µ° (§  ¨¸±²ÕÎ¥´¨¥³ Ê·µ¢´Ö 3,03 ŒÔ‚, ±µÉµ·Ò° ´ ¡²Õ¤ ²¸Ö ¢
· ¡µÉ¥ [46] ¢¶¥·¢Ò¥).

—Éµ ± ¸ ¥É¸Ö É¥µ·¥É¨Î¥¸±¨Ì · ¸Î¥Éµ¢, Éµ · ¸Î¥É ¢ ±µ´Ë¨£Ê· Í¨µ´´µ³
(0 + 1)~ω-¶·µ¸É· ´¸É¢¥ [41] ¶·¥¤¸± §Ò¢ ¥É ³ ¸¸Ê 9He ¤µ¸É ÉµÎ´µ ÉµÎ´µ, ¢ Éµ
¢·¥³Ö ± ± µ¸É ²Ó´Ò¥ ¸¨²Ó´µ · ¸Ìµ¤ÖÉ¸Ö ¸ Ô±¸¶¥·¨³¥´Éµ³. �¥§Ê²ÓÉ ÉÒ · ¸Î¥É 
(·¨¸. 10) ¤²Ö ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨°, ¢Ò¶µ²´¥´´µ£µ ¢ · ³± Ì (0 + 2)~ω-
¶·µ¸É· ´¸É¢ , ¸¨²Ó´µ µÉ²¨Î ÕÉ¸Ö µÉ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨°. ‚ Éµ ¦¥
¢·¥³Ö ¶· ±É¨Î¥¸±¨ ¢¸¥ · ¸Î¥ÉÒ, ¢Ò¶µ²´¥´´Ò¥ ¤²Ö (0 + 1)~ω-±µ´Ë¨£Ê· Í¨µ´-
´µ£µ ¶·µ¸É· ´¸É¢ , ¶·¥¤¸± §Ò¢ ÕÉ Ê·µ¢¥´Ó ¢ ¨´É¥·¢ ²¥ 1, 2÷1, 6 ŒÔ‚ Ô´¥·£¨¨
¢µ§¡Ê¦¤¥´¨Ö. ‡ ³¥É´µ ¸¨²Ó´µ¥ · §²¨Î¨¥ ³¥¦¤Ê ¸ ³¨³¨ · ¸Î¥É ³¨. �±¸¶¥·¨-
³¥´ÉÒ ¶µ¤É¢¥·¦¤ ÕÉ ´ ¤¥¦´µ ²¨ÏÓ Ê·µ¢¥´Ó ∼ 3 ŒÔ‚ [77],   É ±¦¥ Ê·µ¢¥´Ó
∼ 4 ŒÔ‚ [73, 41].

‚ ¢µ¶·µ¸¥ µ ¶·¨¶¨¸Ò¢ ¥³ÒÌ Ê·µ¢´Ö³ §´ Î¥´¨ÖÌ ¸¶¨´  ¨ Î¥É´µ¸É¨ ³¥¦¤Ê
· ¸Î¥É ³¨ É ±¦¥ ¨³¥¥É¸Ö ·Ö¤ ¶·µÉ¨¢µ·¥Î¨°. ’ ±, ´ ¶·¨³¥·, ¤ ¦¥ ¢ · ¸Î¥É Ì,
¶·¥¤¶µ² £ ÕÐ¨Ì µ¤´µ ¨ Éµ ¦¥ (0+1)~ω-¶·µ¸É· ´¸É¢µ, ´ ¡²Õ¤ ¥É¸Ö ¨¸±²ÕÎ¨-
É¥²Ó´µ ´¥µ¡ÒÎ´ Ö µÎ¥·¥¤´µ¸ÉÓ § ¶µ²´¥´¨Ö Ê·µ¢´¥°, É.¥. ¨´¢¥·¸¨Ö Ê·µ¢´¥°
3/2− ¨ 5/2+. �¥§Ê²ÓÉ ÉÒ Ô±¸¶¥·¨³¥´Éµ¢ [46, 60, 61] ¨ · ¸Î¥ÉÒ ¶µ ³¥Éµ¤Ê
¸¢Ö§ ´´ÒÌ ± ´ ²µ¢ [78, 79] ¤²Ö Ê·µ¢´Ö ¸ E∗ ≈ 4 ŒÔ‚ ¸µ£² ¸ÊÕÉ¸Ö ¸ · ¸Î¥-
É ³¨ · ¡µÉÒ [41], ±µ£¤  Jπ = 5/2+. Š ± ¢¨¤´µ ¨§ ·¨¸. 10, É¥µ·¥É¨Î¥¸±¨¥
· ¸Î¥ÉÒ · ¸Ìµ¤ÖÉ¸Ö É ±¦¥ ¨ ¢ ¶·¥¤¸± § ´¨¨ ¸¶¨´  ¨ Î¥É´µ¸É¨ µ¸´µ¢´µ£µ ¸µ-
¸ÉµÖ´¨Ö. ’ ±, ¢ · ¡µÉ Ì [15, 77] ¶·¥¤¸± §Ò¢ ¥É¸Ö ¨´¢¥·¸¨Ö, É.¥. ¤²Ö µ¸´µ¢´µ£µ
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¸µ¸ÉµÖ´¨Ö Jπ = 1/2+,   ¤²Ö ¶¥·¢µ£µ ¢µ§¡Ê¦¤¥´´µ£µ ¸µ¸ÉµÖ´¨Ö Jπ = 1/2−, ¢
Éµ ¢·¥³Ö ± ± ¶µ µ¡µ²µÎ¥Î´µ° ³µ¤¥²¨ ¤²Ö µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö Jπ = 1/2−.
’ ±µ° ¦¥ ·¥§Ê²ÓÉ É ¤ ÕÉ ¨ · ¸Î¥ÉÒ [73, 41], ¢ Éµ³ Î¨¸²¥ ¨ ¢ (0 + 2)~ω-
¶·µ¸É· ´¸É¢¥. ˆ¸Ìµ¤Ö ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨° Ï¨·¨´ µ¸´µ¢´µ£µ ¨
¶¥·¢µ£µ ¢µ§¡Ê¦¤¥´´µ£µ Ê·µ¢´Ö ¢ · ¡µÉ¥ [80] ¤¥² ¥É¸Ö ¢Ò¢µ¤, ÎÉµ ¨´¢¥·¸¨Ö
Î¥É´µ¸É¨ ¢ Ö¤·¥ 9He ´¥ ¶·µ¨¸Ìµ¤¨É.

�¡´ ·Ê¦¥´¨¥ ´¥¸±µ²Ó±¨Ì ¢µ§¡Ê¦¤¥´´ÒÌ, ¤µ¢µ²Ó´µ Ê§±¨Ì ¸µ¸ÉµÖ´¨° ¢ 9He
¶·¥¤¸É ¢²Ö¥É ¨´É¥·¥¸, É ± ± ± ¤²Ö ¸µ¸¥¤´¥£µ ´¥¸¢Ö§ ´´µ£µ Ö¤·  7He ´¥É µ¤´µ-
§´ Î´µ£µ ¢Ò¢µ¤  µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ¢µ§¡Ê¦¤¥´´ÒÌ Ê·µ¢´¥°, ÌµÉÖ µ´¨ ¨ ¶·¥¤¸± -
§Ò¢ ²¨¸Ó. ‚µ§³µ¦´µ¥ µ¡ÑÖ¸´¥´¨¥ ÔÉµ£µ · §²¨Î¨Ö ¡Ò²µ ¶·¥¤²µ¦¥´µ ¢ · ¡µÉ¥
[80]. �´µ ¸µ¸Éµ¨É ¢ ¸²¥¤ÊÕÐ¥³. �±¸¶¥·¨³¥´É ²Ó´µ ¡Ò²µ ¤µ± § ´µ, ÎÉµ Ö¤· 
6He ¨ 8He ¨³¥ÕÉ £ ²µ ¨²¨ ´¥°É·µ´´ÊÕ ®ÏÊ¡Ê¯ ¢¸²¥¤¸É¢¨¥ ¸ÊÐ¥¸É¢ÊÕÐ¥£µ ¢
´¨Ì ±µ³¶ ±É´µ£µ ±µ·  (4He) [21]. �·¥¤¶µ² £ ¥É¸Ö, ÎÉµ ¢¸¥ ¶ÖÉÓ ¢ ²¥´É´ÒÌ
´¥°É·µ´µ¢ 9He ¶·¨¢µ¤ÖÉ ± ¡µ²ÓÏµ³Ê ¶·µ¸É· ´¸É¢¥´´µ³Ê · §¤¥²¥´¨Õ ¤¢ÊÌ
¶·µÉµ´µ¢. �·¨ · ¸¶ ¤¥ 9He→ 8He + n ´¥µ¡Ìµ¤¨³µ ¶¥·¥¢¥¸É¨ ÔÉ¨ ¤¢  ¶·µ-
Éµ´  ¢ 4He Å ±µ· ¤µÎ¥·´e£µ Ö¤·  8He. �µÔÉµ³Ê µ¡· §µ¢ ´¨¥ 8He ¶·¨ · §¢ ²¥
9He ¢µ§³µ¦´µ ²¨ÏÓ ¶·¨ ¡µ²ÓÏµ° ¶¥·¥¸É·µ°±¥ ´Ê±²µ´µ¢. ‚ ·¥§Ê²ÓÉ É¥ · ¸¶ ¤
9He ¸ÊÐ¥¸É¢¥´´µ § É·Ê¤´Ö¥É¸Ö. �É  ¸¨ÉÊ Í¨Ö ¸¨²Ó´µ µÉ²¨Î ¥É¸Ö µÉ ¸²ÊÎ Ö ¸
7He. � Ìµ¤Ö¸Ó ³¥¦¤Ê 6He ¨ 8He, ÔÉµ Ö¤·µ ¤µ²¦´µ ¸µÌ· ´¨ÉÓ ±µ· ¢ ¢¨¤¥
α-Î ¸É¨ÍÒ, É ± ± ± É·Ê¤´µ ¶·¥¤¸É ¢¨ÉÓ, ÎÉµ É·¨ ´¥°É·µ´  ¢ 7He ¸¶µ¸µ¡´Ò
· §·ÊÏ¨ÉÓ α-±µ·, ¥¸²¨ Î¥ÉÒ·¥ ´¥°É·µ´  ¢ 8He ´¥ ³µ£ÊÉ ÔÉµ£µ ¸¤¥² ÉÓ. �Éµ
µ§´ Î ¥É, ÎÉµ ¨³¥¥É ³¥¸Éµ ¸¨²Ó´ Ö ¸¢Ö§Ó ³¥¦¤Ê Ö¤·µ³ 7He ¨ ¶·µ¤Ê±Éµ³ ¥£µ
· §¢ ²  6He. �µÔÉµ³Ê · §¢ ² 7He→ 6He + n ¤µ²¦¥´ ¶·µ¨¸Ìµ¤¨ÉÓ ¡Ò¸É·µ
(¡¥§ ¸ÊÐ¥¸É¢¥´´µ° ¶¥·¥¸É·µ°±¨ ´Ê±²µ´µ¢),   ¶·¥¤¸± § ´´Ò¥ Ê·µ¢´¨ ¸ Ô´¥·-
£¨¥° ¢µ§¡Ê¦¤¥´¨Ö E∗ > 3 − 4 ŒÔ‚ ¤µ²¦´Ò ¨³¥ÉÓ ¡µ²ÓÏ¨¥ Ï¨·¨´Ò, ÎÉµ ¨
§ É·Ê¤´Ö¥É ¨Ì ´ ¡²Õ¤¥´¨¥ ¢ Ô±¸¶¥·¨³¥´É¥.

� ±µ´¥Í, µÉ³¥É¨³, ÎÉµ ¸ÊÐ¥¸É¢¥´´µ¥ Ê¢¥²¨Î¥´¨¥ ¸É ¡¨²Ó´µ¸É¨ Ö¤·  9He
¶µ ¸· ¢´¥´¨Õ ¸ · ´¥¥ ¶·¥¤¸± § ´´µ° ¶µ§¢µ²¨²µ Ô±¸¶¥·¨³¥´É Éµ· ³ ¡µ²¥¥
µ¶É¨³¨¸É¨Î¥¸±¨ ¶µ¤µ°É¨ ± ¨¸¸²¥¤µ¢ ´¨Õ Ö¤·  10He.

®Of course, if we ˇnd 9He, what is to stop us
from dreaming about the double-magic

darling of exotica lovers, 10He!¯
K.Seth, 1988

1.5. Ÿ¤·µ 10He. �µ¨¸±¨ ¸¢¥·ÌÉÖ¦¥²µ£µ £¥²¨¥¢µ£µ ¨§µÉµ¶  10He ¨³¥ÕÉ
¶µÎÉ¨ 30-²¥É´ÕÕ ¨¸Éµ·¨Õ. „µ²£µ¥ ¢·¥³Ö ¸Î¨É ²µ¸Ó, ÎÉµ ÔÉµ Ö¤·µ ´Ê±²µ´´µ-
¸É ¡¨²Ó´µe, ¶µ¸±µ²Ó±Ê Ö¢²Ö¥É¸Ö ¤¢ ¦¤Ò ³ £¨Î¥¸±¨³ (Z = 2, N = 8). •·µ´µ-
²µ£¨Î¥¸±¨ Ô±¸¶¥·¨³¥´ÉÒ ¶µ ¶µ¨¸±Ê Ö¤·  10He ³µ¦´µ · §¤¥²¨ÉÓ ´  ¤¢¥ £·Ê¶¶Ò:
¶¥·¢ Ö ¤µ ±µ´Í  70-Ì Å ´ Î ²  80-Ì £µ¤µ¢ ¨ ¢Éµ· Ö Å ¶µ¸²¥ 1981 £.
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�¨¸. 12. ‡ ¢¨¸¨³µ¸ÉÓ ¢ÒÌµ¤µ¢ £¥²¨¥¢ÒÌ ¨§µÉµ¶µ¢ µÉ Q-·¥ ±Í¨¨ ¤²Ö ·¥ ±Í¨° ¸ ¤¥°É·µ-
´ ³¨, ¶·µÉµ´ ³¨ ¨ ÉÖ¦¥²Ò³¨ ¨µ´ ³¨ 15N, 22Ne, 10,11B [87]

Š ¶¥·¢µ° £·Ê¶¶¥ µÉ´µ¸ÖÉ¸Ö Ô±¸¶¥·¨³¥´ÉÒ, ¢ ±µÉµ·ÒÌ ¶ÒÉ ²¨¸Ó ´ °É¨
10He ± ± ´Ê±²µ´´µ-¸É ¡¨²Ó´µ¥ Ö¤·µ, ¸·¥¤¨ ²¥£±¨Ì Ë· £³¥´Éµ¢ ¸¶µ´É ´´µ£µ
¤¥²¥´¨Ö 252Cf ¨ ¸·¥¤¨ ¶·µ¤Ê±Éµ¢ ·¥ ±Í¨° ¶µ¤ ¤¥°¸É¢¨¥³ É¥¶²µ¢ÒÌ ´¥°-
É·µ´µ¢, ¢Ò¸µ±µÔ´¥·£¨Î´ÒÌ ¶·µÉµ´µ¢ ¨ ¤¥°É·µ´µ¢ ¨ ÉÖ¦¥²ÒÌ ¨µ´µ¢ [81Ä86]
(c³. ·¨¸. 12). �µ²ÊÎ¥´´Ò¥ µÉ·¨Í É¥²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶µ ¶µ¨¸±Ê ¸É ¡¨²Ó´µ£µ
Ö¤·  10He ¶· ±É¨Î¥¸±¨ § ±·Ò²¨ ´ ¤¥¦¤Ò ´  Éµ, ÎÉµ µ´µ ´Ê±²µ´´µ-¸É ¡¨²Ó´µe.

�¤´ ±µ ¶µ¨¸±¨ ÔÉµ£µ Ö¤·  ´¥ ¶·¥±· É¨²¨¸Ó,   ´ µ¡µ·µÉ Å ´ Î ² ¸Ó ´µ-
¢ Ö ¸¥·¨Ö Ô±¸¶¥·¨³¥´Éµ¢. �Éµ ¶·µ¨§µÏ²µ ¶µ¸²¥ Éµ£µ, ± ± ¢ 1981 £. ¡Ò²µ
Ô±¸¶¥·¨³¥´É ²Ó´µ ¶µ± § ´µ, ÎÉµ ¨§µÉµ¶ 9He ¡µ²¥¥ ¸É ¡¨²¥´, Î¥³ µ¦¨¤ ²µ¸Ó
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(¸³. [68] ¨ ¸¸Ò²±¨ É ³). �ÉµÉ ·¥§Ê²ÓÉ É ¶µ§¢µ²¨² ¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ 10He
¸¨²Ó´¥¥ ¸¢Ö§ ´, Î¥³ ¶·¥¤¸± §Ò¢ ²µ¸Ó · ´¥¥.

�µ¨¸± Ö¤·  10He ¡Ò² ¶·µ¢¥¤¥´ ¢ ·¥ ±Í¨¨ 232Th + 11B (89 ŒÔ‚), ¢Ò¡· ´-
´µ° ¢ ¸¢Ö§¨ ¸ É¥³, ÎÉµ ¢ÒÌµ¤ ¨§µÉµ¶  8He ¢ ÔÉµ° ·¥ ±Í¨¨ µ± § ²¸Ö ´ ³´µ£µ
¡µ²ÓÏ¥, Î¥³ ¢ ¤·Ê£¨Ì [87]. �±¸É· ¶µ²ÖÍ¨Ö ¸¥Î¥´¨° µ¡· §µ¢ ´¨Ö ¢ ÔÉµ° ·¥ ±-
Í¨¨ ¨§¢¥¸É´ÒÌ ´Ê±²µ´´µ-¸É ¡¨²Ó´ÒÌ ¨§µÉµ¶µ¢ £¥²¨Ö (c³. ·¨¸. 12) ¤ ²  µ¦¨-
¤ ¥³µ¥ §´ Î¥´¨¥ ¸¥Î¥´¨Ö µ¡· §µ¢ ´¨Ö 10He ¢ ÔÉµ° ·¥ ±Í¨¨ ∼ 5 ·10−30 ¸³2/¸·.
�¤´ ±µ ¢ ÔÉµ³ Ô±¸¶¥·¨³¥´É¥, ¶·µ¢¥¤¥´´µ³ ¸ ¢Ò¸µ±µ° ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓÕ,
¡Ò²  ¶µ²ÊÎ¥´  ²¨ÏÓ ¢¥·Ì´ÖÖ £· ´¨Í  µ¡· §µ¢ ´¨Ö Ö¤·  10He Å µ´  µ± -
§ ² ¸Ó ¢¸¥£µ ²¨ÏÓ ∼ 5 · 10−34 ¸³2/¸·. �ÉµÉ ·¥§Ê²ÓÉ É ¸¢¨¤¥É¥²Ó¸É¢µ¢ ² µ
´¥¸É ¡¨²Ó´µ¸É¨ 10He.

�µ¸²¥¤ÊÕÐ¨¥ ¶µ¶ÒÉ±¨ µ¡´ ·Ê¦¨ÉÓ 10He ± ± ´Ê±²µ´´µ-¸É ¡¨²Ó´µ¥ Ö¤·µ
¡Ò²¨ ¸¤¥² ´Ò ¢ ·¥ ±Í¨¨ Ë· £³¥´É Í¨¨ ¨µ´µ¢ 11Li ¸ Ô´¥·£¨¥° 0,79 ƒÔ‚/A ´ 
³¨Ï¥´¨ ¨§ Ê£²¥·µ¤  [19]. Ÿ¤·µ 10He ³µ£²µ µ¡· §µ¢ ÉÓ¸Ö ¶·¨ ¸·Ò¢¥ µ¤´µ£µ
¶·µÉµ´  ¸ Ö¤·  11Li. �¤´ ±µ ¨ ¢ ÔÉµ³ Ô±¸¶¥·¨³¥´É¥ ¡Ò²  ¶µ²ÊÎ¥´  ²¨ÏÓ
¢¥·Ì´ÖÖ £· ´¨Í  µ¡· §µ¢ ´¨Ö 10He, · ¢´ Ö 50 ³±¡, ÎÉµ ´ ³´µ£µ ´¨¦¥, Î¥³
µ¦¨¤ ¥³Ò¥ ¸¥Î¥´¨Ö (50 ³¡) ¤²Ö ¸·Ò¢  µ¤´µ£µ ¶·µÉµ´  ¢ ÔÉµ° µ¡² ¸É¨ ¡µ³¡ ·-
¤¨·ÊÕÐ¨Ì Ö¤¥·. �¥ ±Í¨Ö Ë· £³¥´É Í¨¨ ¨µ´µ¢ 18O (30 ŒÔ‚/�) É ±¦¥ ´¥ ¤ ² 
¶µ²µ¦¨É¥²Ó´µ£µ ·¥§Ê²ÓÉ É  [76]. ‚ µ¡² ¸É¨ ²¥£±¨Ì Ë· £³¥´Éµ¢, £¤¥ µ¦¨¤ ²¸Ö
10He, ´¥ ´ ¡²Õ¤ ²µ¸Ó ´¨ µ¤´µ£µ ¸µ¡ÒÉ¨Ö. �·¨ ÔÉµ³ ¡Ò²  µ¶·¥¤¥²¥´  ¢¥·Ì´ÖÖ
£· ´¨Í  µ¡· §µ¢ ´¨Ö 10He ¶µ ¸· ¢´¥´¨Õ ¸ 8He Y(10He)/Y(8He) ≤ 3·10−5, ÎÉµ
¸µµÉ¢¥É¸É¢µ¢ ²µ ¢ÒÌµ¤Ê 10He ¢ ÔÉµ° ·¥ ±Í¨¨ ¶·¨³¥·´µ ¢ 1000 · § ´¨¦¥, Î¥³
µ¦¨¤ ²µ¸Ó ¨§ Ô±¸É· ¶µ²ÖÍ¨¨ ¢ÒÌµ¤µ¢ ¨§µÉµ¶µ¢ H, He ¨ Li. …¸²¨ ¨³¥ÉÓ ¢ ¢¨¤Ê
ÔËË¥±É¨¢´µ¸ÉÓ ·¥ ±Í¨° Ë· £³¥´É Í¨¨ ´ ²¥É ÕÐ¥£µ ¨µ´  ¤²Ö ¸¨´É¥§  ¸¨²Ó-
´µ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ ²¥£±¨Ì Ö¤¥· [88Ä92], Éµ ¶µ²ÊÎ¥´´Ò° ·¥§Ê²ÓÉ É É ±¦¥
¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ Éµ³, ÎÉµ Ö¤·µ 10He Ö¢²Ö¥É¸Ö ´Ê±²µ´´µ-´¥¸É ¡¨²Ó´Ò³.

�Ò²¨ ¸¤¥² ´Ò ¥Ð¥ ¤¢¥ ¶µ¶ÒÉ±¨ µ¡´ ·Ê¦¥´¨Ö 10He ¸·¥¤¨ ¶·µ¤Ê±Éµ¢ É·µ°-
´µ£µ ¤¥²¥´¨Ö 252Cf [93, 94]. �¤´ ±µ ÔÉ¨ ¤¢  Ô±¸¶¥·¨³¥´É  É ±¦¥ ´¥ ¤µ¡ ¢¨²¨
´¨Î¥£µ ´µ¢µ£µ ± ¢µ¶·µ¸Ê µ ¸É ¡¨²Ó´µ¸É¨ 10He.

� ¸Î¥É ³ ¸É·Ê±ÉÊ·Ò ¨ ¸¢µ°¸É¢ · ¸¶ ¤  10He ¶µ¸¢ÖÐ¥´µ ´¥¡µ²ÓÏµ¥ ±µ²¨-
Î¥¸É¢µ · ¡µÉ [41, 68Ä71, 74, 76, 95, 96]. ˆÌ µ¸´µ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶·¥¤¸É ¢²¥´Ò
¢ É ¡². 4. ‚¨¤´µ, ÎÉµ ¨³¥¥É ³¥¸Éµ ¸¨²Ó´Ò° · §¡·µ¸ ¢ · ¸Î¥É´ÒÌ §´ Î¥´¨ÖÌ.
�¥§Ê²ÓÉ É [68] ¡Ò² ¶µ²ÊÎ¥´ Ô±¸É· ¶µ²ÖÍ¨¥° ¶µ Ëµ·³Ê² ³ ƒ ·¢¨ Å Š¥²¸µ´ 
¶µ µÉ´µÏ¥´¨Õ ± ¨§³¥·¥´´µ° ³ ¸¸e 9He ¨ ¸¢¨¤¥É¥²Ó¸É¢µ¢ ² µ Éµ³, ÎÉµ 10He
¶µÎÉ¨ ¸¢Ö§ ´ ¨ ³µ¦¥É ¸ÊÐ¥¸É¢µ¢ ÉÓ ¢ ¢¨¤¥ ·¥§µ´ ´¸  ¸ ´¥±µÉµ·µ° Ï¨·¨´µ°.

‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¶µ¨¸±¨ Ö¤·  10He ¡Ò²¨ ¶·µ¤µ²¦¥´Ò ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¤·Ê-
£¨Ì ³¥Éµ¤µ¢. �µ¸±µ²Ó±Ê 10He ´Ê±²µ´´µ-´¥¸É ¡¨²¥´, ¢µ§³µ¦´µ, ¢ ¶·¨´Í¨¶¥,
´ ¡²Õ¤¥´¨¥ ·¥§µ´ ´¸  ¤¢Ê³Ö ¸¶µ¸µ¡ ³¨: ³¥Éµ¤µ³ ¨§³¥·¥´¨Ö ¨´¢ ·¨ ´É´µ°
³ ¸¸Ò ¨ ³¥Éµ¤µ³ ¨§³¥·¥´¨Ö ´¥¤µ¸É ÕÐ¥° ³ ¸¸Ò. �µ²µ¦¨É¥²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ
¡Ò²¨ ¤µ¸É¨£´ÊÉÒ ¢ 1994 £. [49, 96]. �¸É ´µ¢¨³¸Ö ´  ´¨Ì ¶µ¤·µ¡´¥¥.
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’ ¡²¨Í  4. ˆ§¡ÒÉµ± ³ ¸¸Ò (Œ.….), Ô´¥·£¨Ö ¸¢Ö§¨ ¤¢ÊÌ ´¥°É·µ´µ¢ (B2n) ¨ Ï¨·¨´ 
Ê·µ¢´¥° (Γ) ¢ 10He: É¥µ·¨Ö ¨ Ô±¸¶¥·¨³¥´É

‘¸Ò²±  Œ.…., ŒÔ‚ B2n, ŒÔ‚ Γ, ŒÔ‚

’¥µ·¨Ö [68] 49,18 −1,44

[74]1 50,67 −2,93

[74]2 50,23(88) −2,49

[74]3 49,35 −1,61

[76] 48,92(14) −1,18(14)

[41] 52,70 −5,00

[95] 48,54(0,1) −0,8(0,1) 0,15−0,3

[96] 49,09(24) −1,35(24)

�±¸¶¥·¨³¥´É [49] 48,94 −1,20(30) 1,2

[96] 48,81(7) −1,07(7) 0,3(2)

1Tachibana et al.;
2Comay et al.;
3Janecke, Masson.

�¨¸. 13. ‘¶¥±É· ¨´¢ ·¨ ´É´µ° ³ ¸-
¸Ò 8He + n + n ¨§ ·¥ ±Í¨¨
d(11Li, 2n8He) [49]

‚ RIKEN (Ÿ¶µ´¨Ö) [49] ¨¸¶µ²Ó§µ¢ ²¸Ö
¶ÊÎµ± 11Li ¶·¨ Ô´¥·£¨¨ 61 ŒÔ‚/�. � ¸-
¸³ É·¨¢ ²¨¸Ó ¤¢  ¸²ÊÎ Ö: ·¥ ±Í¨Ö ¶¥·¥-
¤ Î¨ ¶·µÉµ´  11Li + d → 3He + 10He ¨
¢§ ¨³µ¤¥°¸É¢¨¥ ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ Î -
¸É¨Í 8He + n + n. „²Ö ¢ÒÎ¨¸²¥´¨Ö ¨´¢ -
·¨ ´É´µ° ³ ¸¸Ò ¨¸¶µ²Ó§µ¢ ²¨¸Ó É·µ°´Ò¥
¸µ¢¶ ¤¥´¨Ö ³¥¦¤Ê 8He ¨ ¤¢Ê³Ö ´¥°É·µ-
´ ³¨ ¸ ¨§³¥·¥´¨¥³ ¨Ì Ô´¥·£¨¨ ¨ Ê£²µ¢
¢Ò²¥É . �¤¨´ ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¸¶¥±-
É·µ¢, ¶µ²ÊÎ¥´´ÒÌ ¢ ÔÉµ° · ¡µÉ¥, ¶µ± § ´
´  ·¨¸. 13. Š ± ¢¨¤´µ ¨§ ·¨¸Ê´± , ¢ ¸¶¥±-
É·¥ ´ ¡²Õ¤ ¥É¸Ö ³ ±¸¨³Ê³ ¶·¨ Ô´¥·£¨¨
(1, 2±0, 3) ŒÔ‚ ´ ¤ ¶µ·µ£µ³ · ¸¶ ¤  10He
´  8He + n+ n (Ô±¸¶¥·¨³¥´É ²Ó´µ¥ · §·¥-
Ï¥´¨¥ · ¢´µ 1,5 ŒÔ‚). �¢Éµ·Ò ¶µ¶·µ-
¡µ¢ ²¨ µ¶¨¸ ÉÓ ¶µ²ÊÎ¥´´Ò¥ ¸¶¥±É·Ò ±·¨-
¢Ò³¨ ³´µ£µÎ ¸É¨Î´µ£µ Ë §µ¢µ£µ ¶·µ¸É· ´-
¸É¢ , ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ ¶·µÍ¥¸¸ ³, ¨¤Ê-
Ð¨³ ¡¥§ µ¡· §µ¢ ´¨Ö 10He. �¨ µ¤¨´ ¨§ · ¸Î¥Éµ¢ ´¥ ³µ£ ¢µ¸¶·µ¨§¢¥¸É¨
¸¶¥±É·Ò ¨ ¤ ÉÓ ¶¨± ¢ · °µ´¥ 1,2 ŒÔ‚. �µÔÉµ³Ê ÔÉµÉ ³ ±¸¨³Ê³ ¡Ò² ¨¤¥´É¨-
Ë¨Í¨·µ¢ ´ ± ± ·¥§µ´ ´¸ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö 10He ¸ Ï¨·¨´µ° Γ ≤ 1, 2 ŒÔ‚.
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�¨¸. 14. C¶¥±É·Ò, ¶µ²ÊÎ¥´´Ò¥ ¢ ·¥ ±Í¨¨ 10Be(14C, 14O) ¶·¨ Ô´¥·£¨¨ 334,4 ŒÔ‚
¶µ¸²¥ ¢ÒÎ¥É  Ëµ´ : ·¨¸.   ¨ ¡ ¸µµÉ¢¥É¸É¢ÊÕÉ Ê£²µ¢Ò³ ¤¨ ¶ §µ´ ³ 1, 7◦ < θ² ¡ < 3, 0◦

¨ 2, 7◦ < θ² ¡ < 3, 9◦ [96]

‚µ§¡Ê¦¤¥´´Òe ¸µ¸ÉµÖ´¨Ö ´¥ ´ ¡²Õ¤ ²¨¸Ó. ‚ ÔÉµ° · ¡µÉ¥ ¡Ò²µ ¶µ²ÊÎ¥´µ ¨
¶µ¤É¢¥·¦¤¥´¨¥ µ ¶·Ö³µ³ · ¸¶ ¤¥ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö 10He ¸ ¨¸¶Ê¸± ´¨¥³
µ¤´µ¢·¥³¥´´µ ¤¢ÊÌ ´¥°É·µ´µ¢.

Œ¥Éµ¤ ¡¨´ ·´ÒÌ ·¥ ±Í¨° ¡Ò² ¶·¨³¥´¥´ ¤²Ö ¨§ÊÎ¥´¨Ö 10He ¢ · ¡µÉ¥,
¸¤¥² ´´µ° ¢ ˆ´¸É¨ÉÊÉ¥ ¨³. ƒ ´  Å Œ °É´¥· ¢ �¥·²¨´¥. ˆ§ÊÎ ² ¸Ó ·¥ ±Í¨Ö
10Be(14C, 14O)10He [96]. ˆ¸¶µ²Ó§µ¢ ²¨¸Ó · ¤¨µ ±É¨¢´Ò° ¶ÊÎµ± 14C ¸ Ô´¥·-
£¨¥° 334,4 ŒÔ‚ ¨ · ¤¨µ ±É¨¢´ Ö ³¨Ï¥´Ó ¨§ 10Be ¢ ¢¨¤¥ ‚¥� [97]. ‚ ¸¢Ö§¨ ¸
¡µ²ÓÏ¨³ ±µ²¨Î¥¸É¢µ³ ¶·¨³¥¸¥° ¢ ³¨Ï¥´¨ ¶·µ¢µ¤¨²¨¸Ó ¤µ¶µ²´¨É¥²Ó´Ò¥ ¨§-
³¥·¥´¨Ö ´  ³¨Ï¥´ÖÌ ¨§ 16O (V2O5) ¨ 12C. �  ·¨¸. 14 ¶µ± § ´Ò, ¶µ¸²¥ ¢ÒÎ¥É 
Ëµ´ , Ô´¥·£¥É¨Î¥¸±¨¥ ¸¶¥±É·Ò 10He ¢ ¤¢ÊÌ Ê£²µ¢ÒÌ ¤¨ ¶ §µ´ Ì, ¢Ò¡· ´´ÒÌ
¸ ÊÎ¥Éµ³ µ¦¨¤ ¥³ÒÌ Ê£²µ¢ÒÌ · ¸¶·¥¤¥²¥´¨°, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¢µ§¡Ê¦¤¥´¨Õ
· §²¨Î´ÒÌ Ê·µ¢´¥°. Š·µ³¥ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö, ´ ¡²Õ¤ ²¨¸Ó ¥Ð¥ ¤¢  ·¥§µ-
´ ´¸ , ¢±² ¤ ±µÉµ·ÒÌ ¡Ò² · §²¨Î¥´ ¶µ¤ · §´Ò³¨ Ê£² ³¨.

„²Ö ·¥§µ´ ´¸  µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¶µ²ÊÎ¥´Ò ¨§¡ÒÉµ± ³ ¸¸Ò
Œ.….= 48, 81(7) ŒÔ‚ ¨ ¶µ²´ Ö Ô´¥·£¨Ö ¸¢Ö§¨ B = −30, 34(7) ŒÔ‚. �µ-
ÔÉµ³Ê ¡Ò²¨ ¸¤¥² ´Ò ¸²¥¤ÊÕÐ¨¥ ¢Ò¢µ¤Ò [96]: 10He ´¥¸É ¡¨²¥´ ¶µ µÉ´µÏ¥-
´¨Õ ± · ¸¶ ¤Ê ´  8He + 2n ´  ¢¥²¨Î¨´Ê B2n = −1, 07(7) ŒÔ‚. � ¸¶ ¤ ÔÉµÉ
¶·µ¨¸Ìµ¤¨É ¶ÊÉ¥³ µ¤´µ¢·¥³¥´´µ£µ ¨¸¶Ê¸± ´¨Ö ¤¢ÊÌ ´¥°É·µ´µ¢, ¶µ¸±µ²Ó±Ê ¨Ì
¶µ¸²¥¤µ¢ É¥²Ó´ Ö Ô³¨¸¸¨Ö ´¥¢µ§³µ¦´  ¨§-§  Éµ£µ, ÎÉµ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥
9He (Bn ≈ −1, 27 ŒÔ‚) ²¥¦¨É ¢ÒÏ¥ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö 10He. �¥§Ê²ÓÉ ÉÒ
[96] ¶µ¤É¢¥·¦¤ ÕÉ ¶µ²ÊÎ¥´´Ò¥ · ´¥¥ [49], ´µ c ¡µ²¥¥ ¢Ò¸µ±µ° ÉµÎ´µ¸ÉÓÕ ± ±
¤²Ö Œ.…., É ± ¨ ¤²Ö Γ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö (¸³. É ¡². 4). ‚ ÔÉµ³ ¦¥ Ô±¸¶¥·¨-
³¥´É¥ [96] ¶µ²ÊÎ¥´Ò ¨ §´ Î¥´¨Ö ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¢ Ö¤·¥ 10He: µ´¨
¨³¥ÕÉ §´ Î¥´¨Ö Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö E∗ = 3, 24(20) ¨ 6,80(7) ŒÔ‚, ¨ Ï¨-
·¨´Ò Γ = 1, 0(3) ¨ 0,6(3) ŒÔ‚ ¸µµÉ¢¥É¸É¢¥´´µ. �¥ ¨¸±²ÕÎ¥´  ¢µ§³µ¦´µ¸ÉÓ
· §²µ¦¥´¨Ö ¶¨±  ¶·¨ E∗ = 3, 24 ŒÔ‚ ¤¢Ê³Ö ±µ³¶µ´¥´É ³¨.
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…¸²¨ ¢ ¸µµÉ´µÏ¥´¨¥ ƒ ·¢¨ Å Š¥²¸µ´  [42]:

M(10He)−M(10Be) +M(9Li)−M(9He) +M(11Be)−M(11Li) = 0

¶µ¤¸É ¢¨ÉÓ §´ Î¥´¨Ö ³ ¸¸ ¨§ [56], Éµ ¤²Ö ¨§¡ÒÉ±  ³ ¸¸Ò 10He ¶µ²ÊÎ ¥É¸Ö
§´ Î¥´¨¥ Œ.….= 49, 09(24) ŒÔ‚, ÎÉµ É ±¦¥ µÎ¥´Ó ¡²¨§±µ ± Ô±¸¶¥·¨³¥´É ²Ó-
´µ³Ê. …Ð¥ ²ÊÎÏ¥¥ ¸µ£² ¸¨¥ ¡Ò²µ ¶µ²ÊÎ¥´µ [76] ¢ · ¸Î¥É¥ ¤²Ö 0~ω-±µ´-
Ë¨£Ê· Í¨µ´´µ£µ ¶·µ¸É· ´¸É¢ , ±µ£¤  ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¶µ¤£µ´Ö²¨¸Ó, ÎÉµ¡Ò
¢µ¸¶·µ¨§¢¥¸É¨ ¸ ¢Ò¸µ±µ° ÉµÎ´µ¸ÉÓÕ Ô´¥·£¨¨ ¸¢Ö§¨ ¨§¢¥¸É´ÒÌ ¸µ¸ÉµÖ´¨° ¢¸¥Ì
£¥²¨¥¢ÒÌ ¨§µÉµ¶µ¢. ‚ Ìµ·µÏ¥³ ¸µ£² ¸¨¨ ¸ Ô±¸¶¥·¨³¥´Éµ³, ¢ Éµ³ Î¨¸²¥ ¨ ¤²Ö
Ï¨·¨´Ò µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö, ´ Ìµ¤¨É¸Ö · ¸Î¥É, ¸¤¥² ´´Ò° ¢ · ³± Ì É·¥ÌÎ -
¸É¨Î´µ° ³µ¤¥²¨ ³¥Éµ¤µ³ K-£ ·³µ´¨± [95].

�¸É ´µ¢¨³¸Ö ²¨ÏÓ ´  ´¥¸±µ²Ó±¨Ì É¥µ·¥É¨Î¥¸±¨Ì · ¡µÉ Ì, ¢ ±µÉµ·ÒÌ · ¸-
¸Î¨ÉÒ¢ ² ¸Ó ¸É·Ê±ÉÊ·  10He. ‚ · ¡µÉ¥ [98] ¶·¨³¥´Ö²¸Ö ¸ ³µ¸µ£² ¸µ¢ ´´Ò°
HF− RPA-³¥Éµ¤, ¢ [15] · ¸Î¥É ¡Ò² ¸¤¥² ´ ¢ µ¡µ²µÎ¥Î´µ³ (0 + 1)~ω-±µ´-
Ë¨£Ê· Í¨µ´´µ³ ¶·µ¸É· ´¸É¢¥. �¡¥ · ¡µÉÒ ¶·¥¤¸± §Ò¢ ÕÉ ´ ²¨Î¨¥ ´¨§±µ²¥-
¦ Ð¥£µ 1−-·¥§µ´ ´¸  ¶·¨ E∗ ≈ 1 − 1, 5 ŒÔ‚ ´ ¤ µ¸´µ¢´Ò³ ¸µ¸ÉµÖ´¨¥³.
‚ Ô±¸¶¥·¨³¥´É¥ ÔÉµÉ ·¥§µ´ ´¸ ´¥ ´ ¡²Õ¤ ²¸Ö. ‚ Éµ ¦¥ ¢·¥³Ö ¢ Ìµ·µÏ¥³
¸µ£² ¸¨¨ ¸ Ô±¸¶¥·¨³¥´Éµ³ ´ Ìµ¤¨É¸Ö ¶·¥¤¸± § ´´Ò° ¢ [15] Ê·µ¢¥´Ó 3− ¶·¨
E∗ = 6, 8 ŒÔ‚.

� ¨¡µ²¥¥ ¢¥·µÖÉ´Ò¥ §´ Î¥´¨Ö Jπ ¤²Ö ´ ¡²Õ¤ ¥³ÒÌ ·¥§µ´ ´¸µ¢ 10He ¢
·¥ ±Í¨¨ 10Be(14C, 14O)10He ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ´  ¡ §¥ · ¸Î¥Éµ¢ Ï¨·¨´ ¢ · ³-
± Ì R-³ É·¨Î´µ° É¥µ·¨¨, ¶·¥¤¶µ² £ Ö Ô³¨¸¸¨Õ ¤¢ÊÌ ´¥°É·µ´µ¢ ¸ · §´Ò³¨
` [96]. „²Ö ¤¢ÊÌ ¢µ§¡Ê¦¤¥´´ÒÌ Ê·µ¢´¥° ²ÊÎÏ¥¥ ¸µ£² ¸¨¥ ¡Ò²µ ¶µ²ÊÎ¥´µ ¶·¨
` = 2 ¨ ` = 3. �µÔÉµ³Ê ¨³ ¡Ò²¨ ¶·¨¶¨¸ ´Ò §´ Î¥´¨Ö Jπ = 2+ ¨ 3− ¸µ-
µÉ¢¥É¸É¢¥´´µ. �¥µ¡Ìµ¤¨³µ µÉ³¥É¨ÉÓ, ÎÉµ Jπ = 2+ ¶µ²ÊÎ ¥É¸Ö ²¨ÏÓ ¢ Éµ³
¸²ÊÎ ¥, ¥¸²¨ Ï¨·µ±µ¥ · ¸¶·¥¤¥²¥´¨¥ ¶·¨ E∗ = 3, 24 ŒÔ‚ µ¶¨¸Ò¢ ¥É¸Ö µ¤´¨³
·¥§µ´ ´¸µ³. ‚ Éµ ¦¥ ¢·¥³Ö Ô±¸¶¥·¨³¥´É ¨ · ¸Î¥É ¸¨²Ó´µ · ¸Ìµ¤¨²¨¸Ó ¤²Ö
µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¸ ` = 0. �¤´ ±µ ´ ¡²Õ¤ ¥³µ¥ ³ ²µ¥ §´ Î¥´¨¥ Ï¨·¨´Ò
Γ = 0, 3(2) ŒÔ‚ ³µ¦¥É ¡ÒÉÓ µ¡ÑÖ¸´¥´o Ô´¥·£¥É¨Î¥¸±¨³¨ Ì · ±É¥·¨¸É¨± ³¨
ÔÉµ£µ ·¥§µ´ ´¸ . Š ± Ê¦¥ µÉ³¥Î ²µ¸Ó, 10He · ¸¶ ¤ ¥É¸Ö ¶ÊÉ¥³ ¨¸¶Ê¸± ´¨Ö
¸· §Ê ¤¢ÊÌ ´¥°É·µ´µ¢. ˆ³¥´´µ ±µ··¥²ÖÍ¨Ö ÔÉ¨Ì ´¥°É·µ´µ¢ ³µ¦¥É Ê¢¥²¨Î¨ÉÓ
¢·¥³Ö ¦¨§´¨ ·¥§µ´ ´¸ , ¢¸²¥¤¸É¢¨¥ Î¥£µ ¥£µ Ï¨·¨´  Ê³¥´ÓÏ¨É¸Ö. ‚ ¸µ£² ¸¨¨
¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ §´ Î¥´¨¥³ Γ = 0, 3(2) ŒÔ‚ [96] ´ Ìµ¤¨É¸Ö ·¥§Ê²ÓÉ É
· ¸Î¥É  [95], ¸µ£² ¸´µ ±µÉµ·µ³Ê µ¸´µ¢´µ³Ê ¸µ¸ÉµÖ´¨Õ 10He ¸µµÉ¢¥É¸É¢Ê¥É
Ê§±¨° ·¥§µ´ ´¸ ¸ Ï¨·¨´µ° Γ ∼ 150− 300 ±Ô‚.

�É´µ¸¨É¥²Ó´µ Ï¨·¨´Ò µ¸´µ¢´µ£µ ¨ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¢ · ¡µÉ¥
[80] ¡Ò²  ¢Ò¸± § ´  £¨¶µÉ¥§  (É ± Ö ¦¥, ± ± ¨ ¢ ¸²ÊÎ ¥ Ö¤·  9He), § ±²ÕÎ -
ÕÐ Ö¸Ö ¢ Éµ³, ÎÉµ: α-Î ¸É¨Î´Ò° ±µ· ¢ 10He ¶µ²´µ¸ÉÓÕ · §·ÊÏ¥´, ¨ · ¸¶ ¤
´  8He + 2n É·¥¡Ê¥É ´¥±µÉµ·µ£µ ¢·¥³¥´¨ ¤²Ö Ëµ·³¨·µ¢ ´¨Ö ¤¢ÊÌ ¶·µÉµ´µ¢ ¢
Ö¤·¥ 8He.

‘µ£² ¸´µ µ¡µ²µÎ¥Î´µ° ³µ¤¥²¨, Ö¤·µ 10He · ¸¸³ É·¨¢ ¥É¸Ö ± ± ´¥°É·µ´µ-
¨§¡ÒÉµÎ´µ¥ Ö¤·µ ¸ § ³±´ÊÉÒ³¨ µ¡µ²µÎ± ³¨. �µ²ÊÎ¥´´Ò¥ ¢ Ô±¸¶¥·¨³¥´É¥ §´ -
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Î¥´¨Ö Ô´¥·£¨° ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¢³¥¸É¥ ¸ µÉ´¥¸¥´´Ò³¨ ¨³ ¸¶¨´ ³¨ ¨
Î¥É´µ¸ÉÖ³¨ ³µ£ÊÉ ¸²Ê¦¨ÉÓ µ¸´µ¢ ´¨¥³ ¤²Ö ´¥±µÉµ·ÒÌ ¢Ò¢µ¤µ¢ ¶µ ¶µ¢µ¤Ê µ¡µ-
²µÎ¥Î´µ° ¸É·Ê±ÉÊ·Ò 10He ¨ ´ ¤¥¦´µ¸É¨ ¶·¥¤¸± § ´¨° µ¡µ²µÎ¥Î´µ° ³µ¤¥²¨
¢¡²¨§¨ £· ´¨Í ´Ê±²µ´´µ° ¸É ¡¨²Ó´µ¸É¨. �µ ³´¥´¨Õ  ¢Éµ·µ¢ [96], § ¶µ²´¥´¨¥
µ¡µ²µÎ¥± ¢ 10He ³µ¦¥É ¨¤É¨ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³. ‘µ¸ÉµÖ´¨Ö 2+ ¨ 3− ¨³¥ÕÉ
±µ´Ë¨£Ê· Í¨¨ (1p3/2)−1(1p3/2)1 ¨ (1p1/2)−1(1d5/2)1 ¸µµÉ¢¥É¸É¢¥´´µ. � -
¶µ³´¨³, ÎÉµ ¸µ¸ÉµÖ´¨¥ 2+ ²¥¦¨É ´¨¦¥ ¸µ¸ÉµÖ´¨Ö 3−. �Éµ µ§´ Î ¥É, ÎÉµ
2+-¸µ¸ÉµÖ´¨¥ µ¡· §Ê¥É¸Ö ¶µ¸ ¤±µ° µ¤´µ£µ ´¥°É·µ´  ´  1p1/2-µ¡µ²µÎ±Ê, ¢
¸¢Ö§¨ ¸ É¥³, ÎÉµ µ¡µ²µÎ±  1p1/2 ´¥ ¡Ò²  ¤µ ÔÉµ£µ § ¶µ²´¥´ . ‚ Éµ ¦¥ ¢·¥³Ö
2s1/2-µ¡µ²µÎ±  Ö¢²Ö¥É¸Ö § ¶µ²´¥´´µ°. �É¸Õ¤  ¸²¥¤Ê¥É, ÎÉµ 2s1/2-µ¡µ²µÎ± 
¢ 10He ´ Ìµ¤¨É¸Ö ¢¡²¨§¨ 1p1/2-µ¡µ²µÎ±¨ ¨²¨ ¤ ¦¥ ´¨¦¥ (¤²Ö ¸· ¢´¥´¨Ö
¢¸¶µ³´¨³, ÎÉµ ´¨§±µ²¥¦ Ð¨° ¤¨¶µ²Ó´Ò° ·¥§µ´ ´¸ ¢ 11Li, ¨³¥ÕÐe³,
± ± ¨ 10He, Î¨¸²µ ´¥°É·µ´µ¢ N = 8, Ö¢²Ö¥É¸Ö ·¥§Ê²ÓÉ Éµ³ ¶µ´¨¦¥´¨Ö
2s1/2-µ¡µ²µÎ±¨ ¢ µ¡² ¸ÉÓ 1p1/2-µ¡µ²µÎ±¨,   ¢ Ö¤·¥ 11Be µ¡µ²µÎ±  2s1/2
¢µµ¡Ð¥ ´ Ìµ¤¨É¸Ö ´¨¦¥ 1p1/2). ‚ ¸¢Ö§¨ ¸ ÔÉ¨³  ¢Éµ·Ò · ¡µÉÒ [96] ¢Ò-
¸± § ²¨ ¶·¥¤¶µ²µ¦¥´¨¥, ÎÉµ § ³±´ÊÉ Ö µ¡µ²µÎ±  ¶µÖ¢²Ö¥É¸Ö ´¥ ¶·¨ N = 8,
  ²¨ÏÓ ¶·¨ N = 10, É.¥. ¢ Ö¤·¥ 12He. …¸²¨ ÔÉµ É ±, Éµ ¸ÊÐ¥¸É¢µ¢ ´¨¥ ´¨§±µ-
²¥¦ Ð¥£µ Ê·µ¢´Ö 1− ¸ ±µ´Ë¨£Ê· Í¨¥° (1p1/2), (2s1/2) Éµ¦¥ ¢µ§³µ¦´µ. ’ ±µ¥
¸µ¸ÉµÖ´¨¥, ´ ¶µ³´¨³, ¶·¥¤¸± §Ò¢ ²µ¸Ó ¢ [98] ¢ ± Î¥¸É¢¥ ¶¥·¢µ£µ ¢µ§¡Ê¦¤¥´-
´µ£µ ¸µ¸ÉµÖ´¨Ö ¤²Ö Ö¤·  10He.

Œ¥¦¤Ê É¥³ ´ ³ ± ¦¥É¸Ö, ÎÉµ ´¥µ¡Ìµ¤¨³µ ¶·µ¤µ²¦¨ÉÓ ¤ ²Ó´¥°Ï¥¥ ¨§ÊÎ¥-
´¨¥ 10He ¤²Ö Éµ£µ, ÎÉµ¡Ò ¶µ²ÊÎ¨ÉÓ ¡µ²¥¥ ¶µ²´ÊÕ ¨´Ëµ·³ Í¨Õ µ ¸É·Ê±ÉÊ·¥
ÔÉµ£µ Ô±§µÉ¨Î¥¸±µ£µ Ö¤· . ‚ ¶·¨´Í¨¶¥, ¢µ§³µ¦´Ò¥ ¶ÊÉ¨ ¤ ²Ó´¥°Ï¥£µ ¥£µ ¨¸-
¸²¥¤µ¢ ´¨Ö Å ÔÉµ ¨¸¶µ²Ó§µ¢ ´¨¥ ·¥ ±Í¨° É¨¶  10Be(π−, π+), 9Be(18O, 17Ne),
10Be(13C, 13O), 10Be(9Be, 9C),   É ±¦¥ ·¥ ±Í¨¨ ¸ · ¤¨µ ±É¨¢´Ò³¨ ¶ÊÎ± ³¨
¢ ¶·Ö³µ°, ´ ¶·¨³¥· 10Be(16C, 16O), ¨ ¢ µ¡· É´µ° ±¨´¥³ É¨±¥, ´ ¶·¨³¥·
11Li(p, 2p), 11Li(t, 4He), 11Li(d, 3He), 9Li(14C, 13N), 8He(t, p). „¥É ²Ó´ Ö ¨´-
Ëµ·³ Í¨Ö µ Ö¤·¥ 10He ¶µ§¢µ²¨É Ô±¸É· ¶µ²¨·µ¢ ÉÓ ´ Ï¨ §´ ´¨Ö ´  ¡µ²¥¥
ÉÖ¦¥²Ò¥ ¨§µÉµ¶Ò £¥²¨Ö.

1.6. ˆ§µÉµ¶Ò £¥²¨Ö ¸ A > 10. �É¨ ¨§µÉµ¶Ò ¶µ±  ¢ Ô±¸¶¥·¨³¥´É¥ ´¥
´ ¡²Õ¤ ²¨¸Ó. ’¥µ·¥É¨Î¥¸±¨¥ · ¸Î¥ÉÒ ¨ Ô±¸É· ¶µ²ÖÍ¨¨ ¶·¥¤¸± §Ò¢ ÕÉ, ÎÉµ
¨§µÉµ¶Ò 11He ¨ 12He ´Ê±²µ´´µ-´¥¸É ¡¨²Ó´Ò¥. �±¸É· ¶µ²ÖÍ¨Õ ³µ¦´µ ¸¤¥² ÉÓ
¨§ ¸¨¸É¥³ É¨±¨ [56] §´ Î¥´¨° Bn ¨ B2n ¤²Ö ¨§µÉµ¶µ¢ ¸ N = 9 ¨ N = 10,
·¨¸. 15. �µ²ÊÎ¥´´Ò¥ §´ Î¥´¨Ö ¸· ¢´¨¢ ÕÉ¸Ö ¸ · ¸Î¥É ³¨ · §´ÒÌ  ¢Éµ·µ¢ ¢
É ¡². 5.

Œ¥¦¤Ê É¥³ ¨¸¸²¥¤µ¢ ´¨¥ É ±¨Ì ¨§µÉµ¶µ¢ ¢ · §´ÒÌ ·¥ ±Í¨ÖÌ ¨³¥¥É Î·¥§-
¢ÒÎ °´µ ¢ ¦´µ¥ §´ Î¥´¨¥ ¤²Ö ¶µ´¨³ ´¨Ö ¸¨ÉÊ Í¨¨ ¸µ ¸É ¡¨²Ó´µ¸ÉÓÕ ´¥°É·µ-
´µ¨§¡ÒÉµÎ´ÒÌ Ö¤¥· ¨ ·µ²¨ Ö¤¥·´ÒÌ ¸¨² (nn-¢§ ¨³µ¤¥°¸É¢¨¥) ¢ ¸É ¡¨²Ó´µ-
¸É¨ ´¥°É·µ´´ÒÌ Ö¤¥·. Œµ¦´µ ¶·¥¤²µ¦¨ÉÓ ¸²¥¤ÊÕÐ¨¥ ·¥ ±Í¨¨ ¤²Ö ¶µ²ÊÎ¥-
´¨Ö ¸¢¥·ÌÉÖ¦¥²ÒÌ ¨§µÉµ¶µ¢ £¥²¨Ö: 10Be(18O, 17Ne)11He, 10Be(14C, 13O)11He,
14C(18O, 20Mg)12He, 12Be(14C, 14O)12He, 11Li(t, 3He)11He, 11Li(d, 2p)11He.
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�¨¸. 15. ‘¨¸É¥³ É¨±  §´ Î¥´¨° Ô´¥·£¨¨ ¸¢Ö§¨ µ¤´µ£µ ¨ ¤¢ÊÌ ´¥°É·µ´µ¢ [56] ¤²Ö ¨§µ-
Éµ¶µ¢ ¸ N = 8÷ 11. �Ê´±É¨·´Ò³¨ ²¨´¨Ö³¨ ¶µ± § ´Ò Ô±¸É· ¶µ²ÖÍ¨¨

’ ¡²¨Í  5. �´¥·£¨¨ ¸¢Ö§¨ µ¤´µ£µ ¨ ¤¢ÊÌ ´¥°É·µ´µ¢ Bn ¨ B2n (ŒÔ‚) ¤²Ö Ö¤¥·
11He ¨ 12He

‘¸Ò²±  [69] [74]1 [74]2 [74]3 [41] [15] �±¸É· ¶.

Bn(11He) −6,77 −8,6 −7,9 Å −9,9 −8,1 −3,0

B2n(11He) −7,11 −8,5 −7,9 Å −9,8 −8,0 Å

B2n(12He) −8,93 −10,1 −10,1 −9,1 −13,1 −9,4 −2,0

1Tachibana et al.;
2Comay et al.;
3Janecke, Masson.
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2. ˆ‡�’��› ‹ˆ’ˆŸ

‚ ÔÉµ³ · §¤¥²¥ ³Ò µ¸É ´µ¢¨³¸Ö Éµ²Ó±µ ´  ¤¢ÊÌ ¨§µÉµ¶ Ì ²¨É¨Ö: 10Li ¨
11Li, ±µÉµ·Ò¥ ¢ ¶µ¸²¥¤´¨¥ £µ¤Ò ¶·¨¢²¥± ²¨ ´ ¨¡µ²ÓÏ¥¥ ¢´¨³ ´¨¥ É¥µ·¥É¨±µ¢
¨ Ô±¸¶¥·¨³¥´É Éµ·µ¢ ¢ ¸¢Ö§¨ ¸o ¸¢µ¥° Ô±§µÉ¨Î´µ¸ÉÓÕ. �µ··µ³¨´µ¢¸±µ¥ Ö¤·µ
11Li ¸µ¸Éµ¨É ¨§ ±µ·  9Li ¨ ¤¢ÊÌ ¢ ²¥´É´ÒÌ ´¥°É·µ´µ¢ ¸¢¥·Ì ÔÉµ£µ ±µ· . „²Ö
· ¸Î¥Éµ¢ 11Li ± ± É·¥ÌÎ ¸É¨Î´µ° ¸¨¸É¥³Ò ´¥µ¡Ìµ¤¨³  ¨´Ëµ·³ Í¨Ö µ ¢§ ¨³µ-
¤¥°¸É¢¨ÖÌ 9Li + n ¨ n+ n. • · ±É¥·¨¸É¨±¨ (n+ n)-¢§ ¨³µ¤¥°¸É¢¨Ö Ìµ·µÏµ
¨§¢¥¸É´Ò. ˆ´Ëµ·³ Í¨Õ µ 9Li + n-¢§ ¨³µ¤¥°¸É¢¨¨ ³µ¦´µ ¨§¢²¥ÎÓ ¨§ ¤ ´´ÒÌ
µ ¸É·Ê±ÉÊ·¥ Ö¤·  10Li, É.¥. ´¥µ¡Ìµ¤¨³µ ¨³¥ÉÓ ¤ ´´Ò¥ µ¡ µ¸´µ¢´µ³ ¨ ´¨§±µ-
²¥¦ Ð¨Ì Ê·µ¢´ÖÌ ÔÉµ£µ Ö¤· , ±µÉµ·Ò¥ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö Ö¢²ÖÕÉ¸Ö ¢¥¸Ó³ 
¶·µÉ¨¢µ·¥Î¨¢Ò³¨.

2.1. Ÿ¤·µ 10Li. Ÿ¤·µ 10Li ¸µ¸Éµ¨É ¨§ ±µ·  9Li, ´ Ìµ¤ÖÐ¥£µ¸Ö ¢ µ¸´µ¢-
´µ³ ¸µ¸ÉµÖ´¨¨, ¨ ¢ ²¥´É´µ£µ ´¥°É·µ´ . ‚ · ¡µÉ¥ [84] ¸·¥¤¨ ¨§µÉµ¶µ¢ ²¥£±¨Ì
Ô²¥³¥´Éµ¢, µ¡· §ÊÕÐ¨Ì¸Ö ¢ ·¥ ±Í¨¨ Ë· £³¥´É Í¨¨ Ê· ´  ¶ÊÎ±µ³ ¶·µÉµ´µ¢,
Ö¤·µ 10Li µ¡´ ·Ê¦¥´µ ´¥ ¡Ò²µ. �  ÔÉµ³ µ¸´µ¢ ´¨¨ ¡Ò² ¸¤¥² ´ ¢Ò¢µ¤ µ ¥£µ
´¥¸É ¡¨²Ó´µ¸É¨ µÉ´µ¸¨É¥²Ó´µ ¨¸¶Ê¸± ´¨Ö ´Ê±²µ´µ¢. ‚¸¥ ¤ ²Ó´¥°Ï¨¥ ¨¸¸²¥-
¤µ¢ ´¨Ö ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ µ Éµ³, ÎÉµ ´¥°É·µ´´ÊÕ ´¥¸É ¡¨²Ó´µ¸ÉÓ Ö¤·  10Li
³µ¦´µ ¸Î¨É ÉÓ Ê¸É ´µ¢²¥´´µ°.

Ÿ¤·µ 10Li Ö¢²Ö¥É¸Ö ´¥Î¥É´µ-´¥Î¥É´Ò³ Å ¨³¥¥É 3 ¶·µÉµ´  ¨ 7 ´¥°É·µ´µ¢.
�¥Î¥É´Ò° ¶·µÉµ´ ´ Ìµ¤¨É¸Ö ´  1p3/2-µ¡µ²µÎ±¥,   ¶µ¸²¥¤´¨° ´¥Î¥É´Ò° ´¥°-
É·µ´ Å ´  1p1/2- ¨²¨ ´  2s1/2-µ¡µ²µÎ±¥ (± ± ÔÉµ ¨³¥¥É ³¥¸Éµ ¢ Ö¤·¥ 11Be [5],
¢ ±µÉµ·µ³ Î¨¸²µ ´¥°É·µ´µ¢ É ±µ¥ ¦¥, ± ± ¨ ¢ 10Li). �µÔÉµ³Ê ´¨§±µ²¥¦ Ð¨¥
¸µ¸ÉµÖ´¨Ö 10Li, ± ± ¶·¥¤¶µ² £ ¥É¸Ö, ¸ÊÐ¥¸É¢ÊÕÉ ¢ ¢¨¤¥ ¤¢ÊÌ ¤Ê¡²¥Éµ¢:

1) [π1p3/2⊗ ν1p1/2] 1+ ¨ 2+,
2) [π1p3/2⊗ ν2s1/2] 2− ¨ 1−,

¶·¨ ÔÉµ³, ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¶· ¢¨² ³¨ �µ·¤Ì °³  [99], ¸µ¸ÉµÖ´¨Ö ¸ Î¥É´µ¸ÉÓÕ
1+ ¨ 2− ¤µ²¦´Ò ²¥¦ ÉÓ ´¨¦¥ ¢Éµ·ÒÌ ¸µ¸ÉµÖ´¨° ¨§ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ±µ´Ë¨-
£Ê· Í¨° (2+ ¨ 1−). ‚³¥¸É¥ ¸ É¥³ ¢µ¶·µ¸ µ Éµ³, ¸ ± ±¨³ ´¥°É·µ´µ³ µ¡· §Ê¥É¸Ö
µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ 10Li, ¤µ ¸¨Ì ¶µ· Ö¢²Ö¥É¸Ö µÉ±·ÒÉÒ³.

‚ 1975 £. ¢¶¥·¢Ò¥ ¡Ò²  ¸¤¥² ´  ¶µ¶ÒÉ±  ¢ ·¥ ±Í¨¨ ¶¥·¥¤ Î¨
9Be(9Be, 8B)10Li, ¶·¨ Ô´¥·£¨¨ 121 ŒÔ‚, µ¶·¥¤¥²¨ÉÓ ¨§¡ÒÉµ± ³ ¸¸Ò Ö¤· 
10Li [100]. � ¡²Õ¤¥´´µ¥ ¸µ¸ÉµÖ´¨¥ (¥³Ê ¶·¨¶¨¸ ´   ¢Éµ· ³¨ ¶µ²µ¦¨É¥²Ó-
´ Ö Î¥É´µ¸ÉÓ) ¡Ò²µ ¶·¨´ÖÉµ §  µ¸´µ¢´µ¥. …³Ê ¸µµÉ¢¥É¸É¢µ¢ ² ¨§¡ÒÉµ± ³ ¸¸Ò
Œ.….= 33, 83(25) ŒÔ‚ ¨ Ï¨·¨´  Γ = (1, 2 ± 0, 3) ŒÔ‚. Ÿ¤·µ 10Li ¢ ÔÉµ³
¸²ÊÎ ¥ µ± §Ò¢ ²µ¸Ó ´¥¸¢Ö§ ´´Ò³ ¶µ µÉ´µÏ¥´¨Õ ± ¨¸¶Ê¸± ´¨Õ ´¥°É·µ´  ´ 
(0, 805± 0, 25) ŒÔ‚. �Éµ §´ Î¥´¨¥ µ± § ²µ¸Ó §´ Î¨É¥²Ó´µ ¢ÒÏ¥ ¶·¥¤¸± § ´-
´µ£µ ¤·Ê£¨³¨  ¢Éµ· ³¨ 0,26 ŒÔ‚ [69] ¨ 0,21 ŒÔ‚ [71] ¨ É¥³ ¡µ²¥¥ ¶·¥¤¸± -
§ ´´µ£µ ¢ · ¡µÉ¥ [101] §´ Î¥´¨Ö (0, 062± 0, 060) ŒÔ‚.

�¥¸±µ²Ó±µ ¶µ§¦¥  ¢Éµ· ³¨ · ¡µÉÒ [102] ¡Ò²µ ¸¤¥² ´µ ¶·¥¤¶µ²µ¦¥´¨¥,
ÎÉµ ¢ · ¡µÉ¥ [100] ´ ¡²Õ¤ ²µ¸Ó ¶¥·¢µ¥ ¢µ§¡Ê¦¤¥´´µ¥ ¸µ¸ÉµÖ´¨¥ ¸ ¶µ²µ¦¨É¥²Ó-
´µ° Î¥É´µ¸ÉÓÕ, ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ [π1p3/2 ⊗ ν1p1/2]-µ¡µ²µÎ¥Î´µ-³µ¤¥²Ó´µ°
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±µ´Ë¨£Ê· Í¨¨ (´¥°É·µ´ ´  1p1/2-µ¡µ²µÎ±¥), Éµ£¤  ± ± µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥
¤µ²¦´µ ¡Ò²µ ´ Ìµ¤¨ÉÓ¸Ö ¶·¨³¥·´µ ´  800 ±Ô‚ ´¨¦¥ ¨ ¨³¥ÉÓ µÉ·¨Í É¥²Ó´ÊÕ
Î¥É´µ¸ÉÓ (´¥°É·µ´ ´  2s1/2-µ¡µ²µÎ±¥). �¸´µ¢ ´¨¥³ ¤²Ö ÔÉµ£µ ¢Ò¢µ¤  ¶µ¸²Ê-
¦¨²  É ±¦¥ · ´¥¥ ¨§¢¥¸É´ Ö · ¡µÉ  [101], £¤¥ ¢ Ö¤·¥ 10Be ¡Ò²µ µ¡´ ·Ê¦¥´µ
¸µ¸ÉµÖ´¨¥ T = 2, ±µÉµ·µ¥ Ö¢²Ö¥É¸Ö  ´ ²µ£µ³ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö Ö¤·  10Li ¨
¸µµÉ¢¥É¸É¢Ê¥É ¢ 10Li ¡²¨§±µ³Ê ± ´Ê²Õ ¶µ·µ£Ê · ¸¶ ¤  ¸ ¨¸¶Ê¸± ´¨¥³ Î ¸É¨ÍÒ.

�¶¨¸ ´¨¥ Ô´¥·£¨° ¸¢Ö§¨, ¸¶¨´µ¢ ¨ Î¥É´µ¸É¥° ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ ²¥£±¨Ì
Ö¤¥· p-µ¡µ²µÎ±¨ ¢ ³µ¤¥²Ó´ÒÌ ¶·µ¸É· ´¸É¢ Ì (0 + 1)~ω ¨ (0 + 2)~ω ¶·¨¢¥²µ
± ¶·¥¤¸± § ´¨Õ ¤²Ö ¤¢ÊÌ ¶¥·¢ÒÌ ¸µ¸ÉµÖ´¨° 10Li ¶µ¸²¥¤µ¢ É¥²Ó´µ¸É¨ Ê·µ¢´¥°
1+, 2+ ¨ 2+, 1+ ¸µµÉ¢¥É¸É¢¥´´µ [41]. �·¨ ÔÉµ³ · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê Ê·µ¢´Ö³¨
¢ ²Õ¡µ° ¶ ·¥ ¸µ¸É ¢¨²µ 0,65 ŒÔ‚.

�µ§¤´¥¥ ¢ · ¡µÉ¥ [103] ¡Ò² ¨§³¥·¥´ ¸¶¥±É· ¶·µÉµ´µ¢, µ¡· §µ¢ ¢Ï¨Ì¸Ö
¢ ·¥ ±Í¨¨ 11B(π−, p)10Li. � ¡²Õ¤ ²¸Ö µ¤¨´ Ï¨·µ±¨° ·¥§µ´ ´¸ ¶·¨ Ô´¥·£¨¨
(0, 15 ± 0, 15) ŒÔ‚ ´ ¤ ¶µ·µ£µ³ ¨¸¶Ê¸± ´¨Ö ´¥°É·µ´  ¸ Ï¨·¨´µ° ∼ 1 ŒÔ‚,
±µÉµ·Ò° µ¶¨¸Ò¢ ²¸Ö Ëµ·³Ê²µ° �·¥°É  Å ‚¨£´¥·  ¸ Ô´¥·£¥É¨Î¥¸±µ° § ¢¨¸¨-
³µ¸ÉÓÕ Ï¨·¨´Ò ¢ s-¢µ²´µ¢µ³ ¶·¨¡²¨¦¥´¨¨ (` = 0).

‹ÊÎÏ¥¥ ¸µ£² ¸¨¥ ¸ Ô±¸¶¥·¨³¥´Éµ³ ¡Ò²µ ¤µ¸É¨£´ÊÉµ ¢ · ¸Î¥É Ì ¢ · ³± Ì
µ¡µ²µÎ¥Î´µ° ³µ¤¥²¨ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¡µ²¥¥ ¸²µ¦´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö [104].
ˆ§ ÔÉ¨Ì · ¸Î¥Éµ¢ ¸²¥¤µ¢ ²µ, ÎÉµ ¤²Ö 10Li ¢ ±µ´Ë¨£Ê· Í¨¨ [π1p3/2⊗ ν2s1/2]
³µ¦´µ ¡Ò²µ µ¦¨¤ ÉÓ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ ¸o ¸¶¨´µ³ ¨ Î¥É´µ¸ÉÓÕ 2−. ’ ±µ°
¦¥ ¢Ò¢µ¤ ¡Ò² ¸¤¥² ´ ¨ ¢ ´µ¢µ³ (0 + 1)~ω-³µ¤¥²Ó´µ³ · ¸Î¥É¥ [15], £¤¥ ´ 
µ¸´µ¢¥ ¡µ²ÓÏµ£µ Î¨¸²  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¤²Ö µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö
10Li ¡Ò²µ ¶µ²ÊÎ¥´µ §´ Î¥´¨¥ Jπ = 2−. ‚Éµ·µ° Î²¥´ ¤Ê¡²¥É  (1−) µ± § ²¸Ö
¶·¨ Ô´¥·£¨¨ µ±µ²µ 2,1 ŒÔ‚,   ´¥°É·µ´ ´  p-µ·¡¨É¥ ¶·¨¢¥² ± ¡²¨§²¥¦ Ð¥³Ê
¤Ê¡²¥ÉÊ 1+/2+. ‚ ÔÉµ° · ¡µÉ¥ ¡Ò²¨ ¶·¥¤¸± § ´Ò Ê·µ¢´¨ ¨ ¢ · °µ´¥ 4,5 ŒÔ‚.
‚ · ¡µÉ¥ [77], £¤¥ ¤²Ö · ¸Î¥É  Ô´¥·£¥É¨Î¥¸±¨Ì ¸¶¥±É·µ¢ ¨ µ¡ÑÖ¸´¥´¨Ö ¨´-
¢¥·¸¨¨ ¶µ¸²¥¤µ¢ É¥²Ó´µ¸É¨ § ¸¥²¥´¨Ö Ê·µ¢´¥° ¢ Ö¤· Ì ¸ N = 7 ¢ · ³± Ì
µ¡µ²µÎ¥Î´µ° ³µ¤¥²¨ ¢ (0 + 1)~ω-³µ¤¥²Ó´µ³ ¶·µ¸É· ´¸É¢¥ ¶·¨¢²¥± ² ¸Ó § ¢¨-
¸¨³µ¸ÉÓ ±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¨ sd-µ·¡¨É µÉ ¨§µ¸¶¨´ , ¤²Ö 10Li ¡Ò²µ ¶µ²ÊÎ¥´µ
µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ ¸ Jπ = 2−, ¶¥·¢µ¥ ¢µ§¡Ê¦¤¥´´µ¥ ¸µ¸ÉµÖ´¨¥ ¸ Jπ = 1+ ¨
Ô´¥·£¨¥° 0,218 ŒÔ‚,   É ±¦¥ ·Ö¤ ¤·Ê£¨Ì ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¢ · °µ´¥
1, 2− 1, 4, 3, 4− 3, 9 ¨ 4, 6− 4, 8 ŒÔ‚.

�Î¥¢¨¤´ Ö ´¥µ¤´µ§´ Î´µ¸ÉÓ ¶µ µÉ´µÏ¥´¨Õ ± Ô´¥·£¨¨ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ-
´¨Ö 10Li, ¥£µ ¸¶¨´  ¨ Î¥É´µ¸É¨ ¶·¨¢¥²  ± ´¥µ¡Ìµ¤¨³µ¸É¨ ¶·µ¢¥¤¥´¨Ö Í¥²µ£µ
·Ö¤  ´µ¢ÒÌ Ô±¸¶¥·¨³¥´Éµ¢ ¨ É¥µ·¥É¨Î¥¸±¨Ì · ¸Î¥Éµ¢.

„ ²Ó´¥°Ï¨¥ Ô±¸¶¥·¨³¥´ÉÒ ³µ¦´µ · §¤¥²¨ÉÓ ´  ¤¢¥ £·Ê¶¶Ò Å ¶¥·¢ Ö, ¢ ±µ-
Éµ·µ° ¨¸¶µ²Ó§µ¢ ²¨¸Ó ·¥ ±Í¨¨ ¶¥·¥¤ Î¨ ´¥¸±µ²Ó±¨Ì ´Ê±²µ´µ¢ [61, 105Ä108],
¨ ¢Éµ· Ö, ¢ ±µÉµ·µ° ¨§³¥·Ö²¨¸Ó Ì · ±É¥·¨¸É¨±¨ ¶·µ¤Ê±Éµ¢, µ¡· §µ¢ ¢Ï¨Ì¸Ö
¶·¨ Ë· £³¥´É Í¨¨ ´ ²¥É ÕÐ¥£µ ¨µ´  [34, 51Ä53, 109Ä111].

‚ · ¡µÉ Ì [61, 105, 106] ¸É·Ê±ÉÊ·  Ö¤·  10Li ¨§ÊÎ ² ¸Ó ¸ ¶µ³µÐÓÕ ·¥ ±Í¨°
¶¥·¥¤ Î¨: 9Be(13C, 12N)10Li, 13C(14C, 17F)10Li ¨ 10Be(12C, 12N)10Li. �·¥¤-
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�¨¸. 16. ‘¶¥±É· 10Li ¨§ ·¥ ±Í¨¨ 10Be(12C, 12N)10Li ¶·¨ Ô´¥·£¨¨ 357 ŒÔ‚ ¨ 0, 4◦.
‘¶²µÏ´ Ö ±·¨¢ Ö Å ¸Ê³³  ´µ·³ ²¨§µ¢ ´´ÒÌ Ëµ´µ¢ÒÌ ¸¶¥±É·µ¢ ´  ³¨Ï¥´ÖÌ ¨§ 16O
¨ 12C ¨ ¢±² ¤ µÉ ¶·µÍ¥¸¸  ¶µ¸²¥¤µ¢ É¥²Ó´µ£µ · ¸¶ ¤  ¢Ò¸µ±µ¢µ§¡Ê¦¤¥´´µ£µ Ö¤· 
13N∗ → 12N + n (¶µ± § ´´µ£µ µÉ¤¥²Ó´µ° ±·¨¢µ°) [61, 106]. Sn Å ¶µ·µ£ · §¢ ²  10Li
´  9Li + n

¶µ² £ ²µ¸Ó, ÎÉµ · §´Ò¥ ·¥ ±Í¨¨ ¤ ¤ÊÉ · §´ÊÕ ¸¥²¥±É¨¢´µ¸ÉÓ ¶·¨ § ¸¥²¥´¨¨
Ê·µ¢´¥°. �¸´µ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ ÔÉ¨Ì · ¡µÉ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 16 ¨ 17.

‚ ·¥ ±Í¨¨ (12C, 12N), £¤¥ ¨¸¶µ²Ó§Ê¥É¸Ö ³¨Ï¥´Ó ¸ Jπ = 0+, ¨³¥¥É ³¥¸Éµ
¶¥·¥¢µ·µÉ ¸¶¨´  0+ → 1+ ¢ ¡µ³¡ ·¤¨·ÊÕÐ¥³ Ö¤·¥, ¨ ¶·¥¨³ÊÐ¥¸É¢¥´´µ § ¸¥-
²ÖÕÉ¸Ö Ê·µ¢´¨ ¸ Î¥É´µ¸ÉÓÕ π, µ¶·¥¤¥²Ö¥³µ° ¸µµÉ´µÏ¥´¨¥³ (−1)Jπ = −1, £¤¥
J Å ¸¶¨´ ¸µ¸ÉµÖ´¨Ö (Í¥²µ¥ Î¨¸²µ) [112]. �µÔÉµ³Ê µ¦¨¤ ²µ¸Ó, ÎÉµ ·¥ ±Í¨Ö
10Be(12C, 12N)10Li µ¡¥¸¶¥Î¨É ´ ¨²ÊÎÏ¨¥ Ê¸²µ¢¨Ö ¤²Ö ¸¶¥±É·µ¸±µ¶¨¨ ¸µ¸ÉµÖ-
´¨Ö ¸o ¸¶¨´µ³ ¨ Î¥É´µ¸ÉÓÕ Jπ = 1+, 2−, 3+, 4− ¨ É.¤. ‚ ± Î¥¸É¢¥ ¶·¨³¥· 
´  ·¨¸. 16 ¶µ± § ´ ¸¶¥±É· 10Li, ¨§³¥·¥´´Ò° ¢ ÔÉµ° ·¥ ±Í¨¨ [61, 106]. �·¨
Ê£²¥ 0, 4◦ ´ ¡²Õ¤ ²µ¸Ó É·¨ Ê§±¨Ì ¶¨±  ¸ Ô´¥·£¨Ö³¨ ER = 0, 24(6), 1, 40(8)
¨ 4, 19(10) ŒÔ‚ ´ ¤ ¶µ·µ£µ³ · §¢ ²  10Li → 9Li + n. �µ¤ Ê£² ³¨ 0, 95◦

¨ 1, 45◦ ¡Ò²¨ ¢¨¤´Ò É ±¦¥ ¶¨±¨ ¸ Ô´¥·£¨¥° 2,35(10) ¨ 4,64(8) ŒÔ‚. ‘ -
³Ò° ´¨§±µ²¥¦ Ð¨° ·¥§µ´ ´¸ 0,24 ŒÔ‚ (Γ = 0, 10 ŒÔ‚) Ìµ·µÏµ ¶·µÖ¢²Ö¥É¸Ö
¶µ¤ ¢¸¥³¨ Ê£² ³¨, ÎÉµ ¶µ§¢µ²¨²µ ¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ ÔÉµÉ ·¥§µ´ ´¸ ³µ¦¥É ¸µ-
µÉ¢¥É¸É¢µ¢ ÉÓ µ¸´µ¢´µ³Ê ¸µ¸ÉµÖ´¨Õ ¨ ÎÉµ ¸ ¡µ²ÓÏµ° ¢¥·µÖÉ´µ¸ÉÓÕ ¤²Ö ´¥£µ
Jπ = 1+ ¨§ [π1p3/2⊗ν1p1/2]-±µ´Ë¨£Ê· Í¨¨. ‚µ§³µ¦´µ, ·¥§µ´ ´¸Ò ¶·¨ Ô´¥·-
£¨ÖÌ 4,19 ¨ 4,64 ŒÔ‚,   É ±¦¥ ¸² ¡Ò° ·¥§µ´ ´¸ ¶·¨ 2,83 ŒÔ‚, ¢Ìµ¤ÖÉ ¢ ¸µ¸É ¢
[π1p3/2 ⊗ ν1d5/2]-±µ´Ë¨£Ê· Í¨¨ ¸ ¢µ§³µ¦´Ò³¨ ¸¶¨´ ³¨ 2−, 4− ¨ 3− (¨²¨
1−). S-¢µ²´µ¢µ° ·¥§µ´ ´¸ ¢ ÔÉµ³ ¸²ÊÎ ¥ ´¥ ´ ¡²Õ¤ ²¸Ö. ‚Éµ·µ¥ ¸µ¸ÉµÖ´¨¥
¤Ê¡²¥É  (2+) É ±¦¥ ´¥ ´ ¡²Õ¤ ²µ¸Ó ¢ ÔÉµ° ·¥ ±Í¨¨. �¤´ ±µ ¸µ¸ÉµÖ´¨¥ 2+

¶·µÖ¢²Ö¥É¸Ö ¢ ·¥§Ê²ÓÉ É¥ ´µ¢µ£µ  ´ ²¨§  [61, 106] ·¥ ±Í¨¨ 9Be(13C, 12N)10Li
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�¨¸. 17. �´¥·£¥É¨Î¥¸±¨¥ ¸¶¥±É·Ò ·¥ ±Í¨¨ 9Be(13C, 12N)10Li ¶·¨ 24 ŒÔ‚/� ¨ Ê£² Ì
3, 0◦ ¨ 3, 8◦ [106]. „²Ö µ¶¨¸ ´¨Ö ¶¨±µ¢ ¨¸¶µ²Ó§µ¢ ´Ò ¡·¥°É-¢¨£´¥·µ¢¸±¨¥ · ¸¶·¥¤¥-
²¥´¨Ö. Š·¨¢Ò¥ 1 Å ¸Ê³³  ¢±² ¤µ¢ µÉ ¶·¨³¥¸¥° ¢ ³¨Ï¥´¨, 2 ¨ 3 Å ¶µ¸²¥¤µ¢ É¥²Ó´Ò°
· ¸¶ ¤ ¢Ò¸µ±µ¢µ§¡Ê¦¤¥´´µ£µ 13N

∗

(·¨¸. 17). Š ± ¢¨¤´µ ¨§ ·¨¸Ê´± , ¢ ÔÉµ³ ¸²ÊÎ ¥ ¨³¥ÕÉ ³¥¸Éµ ·¥§µ´ ´¸Ò ¶·¨
ER = 0, 53(6) ŒÔ‚ ¸ Ï¨·¨´µ° 0, 30(8) ŒÔ‚,   É ±¦¥ ¶·¨ 2, 85(6), 4, 64(8),
5, 7(1) ŒÔ‚, ¨ ¸ ³¥´ÓÏ¥° ¢¥·µÖÉ´µ¸ÉÓÕ 1, 40(8) ŒÔ‚. Š·µ³¥ Éµ£µ, Ï¨·µ± Ö
¸É·Ê±ÉÊ·  ´ ¡²Õ¤ ¥É¸Ö ¶·¨ 9,0 ŒÔ‚. �¥§µ´ ´¸ ¶·¨ ER = 0, 53(6) ŒÔ‚ ¨¤¥´-
É¨Ë¨Í¨·Ê¥É¸Ö ± ± 2+-¸µ¸ÉµÖ´¨¥ ¤Ê¡²¥É  [π1p3/2⊗ ν1p1/2]-±µ´Ë¨£Ê· Í¨¨.

‘É·Ê±ÉÊ·  ´¨§±µ²¥¦ Ð¨Ì Ê·µ¢´¥° 10Li ¨§ÊÎ ² ¸Ó Ô±¸¶¥·¨³¥´É ²Ó´µ ¨ ¢
·¥ ±Í¨¨ 11B(7Li, 8B)10Li [107] ¶·¨ Ô´¥·£¨¨ 130 ŒÔ‚. ‹ÊÎÏ¥¥ µ¶¨¸ ´¨¥
¸¶¥±É· , ¶·¥¤¸É ¢²¥´´µ£µ ´  ·¨¸. 18, ¶µ²ÊÎ¥´µ ¸ ¶µ³µÐÓÕ ¤¢ÊÌ ¶¨±µ¢: µ¤¨´ ¸
Ï¨·¨´µ° Γ² ¡ = (358± 23) ±Ô‚ ¨ ¢Éµ·µ° ¡µ²¥¥ Ê§±¨° ¸ Γ² ¡ < 230 ±Ô‚. “·µ-
¢¥´Ó, ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ¶¥·¢µ³Ê ¶¨±Ê, ± ± ¸Î¨É ÕÉ  ¢Éµ·Ò · ¡µÉÒ, ¤µ²¦¥´
¡ÒÉÓ ´¥°É·µ´´µ-´¥Ê¸Éµ°Î¨¢ ´  (538±62) ±Ô‚,   ¤²Ö ¢Éµ·µ£µ Bn ≥ −100 ±Ô‚.
�¢Éµ·Ò ¸Î¨É ÕÉ É ±¦¥, ÎÉµ Ê·µ¢¥´Ó ¶·¨ 538 ±Ô‚ µÉ¢¥Î ¥É p-¢µ²´µ¢µ³Ê ·¥§µ-
´ ´¸Ê, Éµ£¤  ± ± ¶·¥¤¶µ² £ ¥³µ¥ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ (100 ±Ô‚) ³µ¦¥ÉÓ ¡ÒÉÓ
²¨¡µ s-, ²¨¡µ p-¢µ²´µ¢Ò³ ·¥§µ´ ´¸µ³ (´¥µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ, ÎÉµ ¢ ¤ ´´µ³
¸²ÊÎ ¥ ¸É É¨¸É¨±  µÎ¥´Ó ³ ²  ¨, µÎ¥¢¨¤´µ, É·¥¡Ê¥É¸Ö ´µ¢µ¥ ¨§³¥·¥´¨¥).
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�¨¸. 18. �´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· ¨§ ·¥ ±Í¨¨ 11B(7Li, 8B)10Li ¶·¨ Ô´¥·£¨¨
130 ŒÔ‚ [107]. ‘¶²µÏ´ Ö ±·¨¢ Ö ¶µ²ÊÎ¥´  ¸ ÊÎ¥Éµ³ p- ¨ s-¢µ²´µ¢µ£µ ·¥§µ´ ´¸µ¢
¨ Ëµ´ ; ¶Ê´±É¨·´ Ö ±·¨¢ Ö Å ¸ ÊÎ¥Éµ³ p-¢µ²´µ¢µ£µ ·¥§µ´ ´¸  ¨ Ëµ´ ; ÉµÎ¥Î´ Ö ±·¨-
¢ Ö Å Ëµ´

„²Ö ¸¶¥±É·µ¸±µ¶¨¨ 10Li ¨¸¶µ²Ó§µ¢ ² ¸Ó ¨ ·¥ ±Í¨Ö ¶¥·¥¤ Î¨
9Be(9Be, 8B)10Li ¶·¨ Ô´¥·£¨¨ 40 ŒÔ‚/� [108]. �¥§Ê²ÓÉ ÉÒ ÔÉµ° · ¡µÉÒ ´¥
¶µ¤É¢¥·¦¤ ÕÉ ¸ÊÐ¥¸É¢µ¢ ´¨Ö s-¸µ¸ÉµÖ´¨Ö ¢¡²¨§¨ ¶µ·µ£ , µ¤´ ±µ ¡Ò² ¶µ²Ê-
Î¥´ p-¢µ²´µ¢µ° ·¥§µ´ ´¸ ¸ Bn = −0, 25(10) ŒÔ‚, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É ¤ ´´Ò³
· ¡µÉÒ [106].

‘ÊÐ¥¸É¢µ¢ ´¨¥ ` = 0 ¸µ¸ÉµÖ´¨Ö ´  ¶µ·µ£¥ · §¢ ²  10Li ´  9Li + n
µ¡¸Ê¦¤ ¥É¸Ö ¢ · ¡µÉ Ì, ¢ ±µÉµ·ÒÌ ¨§³¥·Ö²¨¸Ó µÉ´µ¸¨É¥²Ó´Ò¥ ¸±µ·µ¸É¨ ³¥¦¤Ê
Ë· £³¥´Éµ³ (9Li) ¨ ´¥°É·µ´µ³ [51Ä53], ¨´¢ ·¨ ´É´ Ö ³ ¸¸  ¤²Ö ¸¨¸É¥³Ò
9Li +n [34, 110] ¨ · ¸¶·¥¤¥²¥´¨¥ ¨³¶Ê²Ó¸µ¢ ´¥°É·µ´µ¢ ¢ ¸µ¢¶ ¤¥´¨¨ ¸ Ö¤·µ³
9Li [109].

‚ · ¡µÉ Ì [51Ä53] ·¥£¨¸É·¨·µ¢ ²¨¸Ó ¸µ¢¶ ¤¥´¨Ö ´¥°É·µ´µ¢ ¨ Ö¤¥· 9Li,
¢µ§´¨± ÕÐ¨Ì ¶·¨ · ¸¶ ¤¥ 10Li, µ¡· §µ¢ ´´µ£µ ¶·¨ Ë· £³¥´É Í¨¨ 18O ¸ Ô´¥·-
£¨¥° 80 ŒÔ‚/�. �  ·¨¸. 19 ¶µ± § ´ ¸¶¥±É· µÉ´µ¸¨É¥²Ó´µ° ¸±µ·µ¸É¨ ³¥¦¤Ê
9Li ¨ ´¥°É·µ´µ³, ¨§ ±µÉµ·µ° ¨§¢²¥± ² ¸Ó Ô´¥·£¨Ö · ¸¶ ¤ . ‚¨¤´µ, ÎÉµ ¤µ-
³¨´¨·Ê¥É Í¥´É· ²Ó´Ò° ¶¨± ¢¡²¨§¨ µÉ´µ¸¨É¥²Ó´µ° ¸±µ·µ¸É¨ 0 ¸³/´¸. �Éµ
£µ¢µ·¨É µ Éµ³, ÎÉµ ¢ 10Li ¥¸ÉÓ Ê·µ¢¥´Ó, ±µÉµ·Ò° · ¸¶ ¤ ¥É¸Ö ¶ÊÉ¥³ ¨¸¶Ê¸-
± ´¨Ö ´¨§±µÔ´¥·£¨Î´µ£µ ´¥°É·µ´ . ‡ ³¥É´µ¥ Ê¢¥²¨Î¥´¨¥ ¢ÒÌµ¤  ´ ¡²Õ¤ ¥É¸Ö
¨ ¢ · °µ´¥ ±0, 8 ¸³/´¸. �´ ²¨§ ¸¶¥±É·  ¶·µ¢µ¤¨²¸Ö ¸ ÊÎ¥Éµ³ ¨¸¶Ê¸± ´¨Ö
´¥°É·µ´  ± ± ¸ ` = 0, É ± ¨ ¸ ` = 1 µ·¡¨ÉÒ. �µ¶ÒÉ±  µ¶¨¸ ÉÓ ¸¶¥±É· ¸µ
§´ Î¥´¨¥³ ER = 0, 800 ŒÔ‚, ¶µ²ÊÎ¥´´Ò³ ¢ · ¡µÉ¥ [100], ¢ ¶·¥¤¶µ²µ¦¥´¨¨
p-¢µ²´µ¢µ£µ ´¥°É·µ´  ´¥ Ê¤ ² ¸Ó. �¢Éµ· ³ ´¥ Ê¤ ²µ¸Ó µ¶¨¸ ÉÓ ¶¨± É ±¦¥
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�¨¸. 19. ‘¶¥±É· µÉ´µ¸¨É¥²Ó´µ° ¸±µ·µ¸É¨ ¤²Ö 9Li+n-¸µ¢¶ ¤¥´¨° [53]. Œµ¤¥²¨·µ¢ ´¨¥
(¸¶²µÏ´ Ö ±·¨¢ Ö) ¶µ ³¥Éµ¤Ê Œµ´É¥-Š ·²µ ¢±²ÕÎ ¥É ¢±² ¤ µÉ s-¢µ²´Ò ¸ ¤²¨´µ° · ¸-
¸¥Ö´¨Ö as = 30 Ë³ (ÏÉ·¨Ì¶Ê´±É¨·), µÉ p-¢µ²´Ò ¸ Edecay = 538 ±Ô‚, Γdecay = 358 ±Ô‚
(¶Ê´±É¨·) ¨ ¶·¥¤¶µ² £ ¥³Ò° Ëµ´ (ÉµÎ±¨)

¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¤²Ö p-¢µ²´µ¢µ£µ ·¥§µ´ ´¸  §´ Î¥´¨Ö ER = 0, 24 ŒÔ‚, ¢§Ö-
Éµ£µ ¨§ · ¡µÉÒ [61, 106], ÌµÉÖ ´¥²Ó§Ö ¡Ò²µ ¶µ²´µ¸ÉÓÕ ¨¸±²ÕÎ¨ÉÓ ¥£µ ¢±² ¤ ¢
¨§³¥·¥´´Ò° ¸¶¥±É·. ‹ÊÎÏ¥¥ µ¶¨¸ ´¨¥ ¸¶¥±É·  ¤ ²  ´ ²¨§ ¤ ´´ÒÌ ¸ ¶µ³µÐÓÕ
s-¢µ²´Ò ¸ ¤²¨´µ° · ¸¸¥Ö´¨Ö as < −20 Ë³, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É Ô´¥·£¨¨ ¶¨± 
ER < 50 ±Ô‚ (ÔÉµ ¶·¥¤¥²Ó´µ¥ §´ Î¥´¨¥ ´¨¦¥ §´ Î¥´¨Ö, ¶·¨¢¥¤¥´´µ£µ ¢ · ¡µ-
É¥ [51]), ¨ p-·¥§µ´ ´¸  ¸ Ô´¥·£¨¥° · ¸¶ ¤  µ±µ²µ 540 ±Ô‚. �¤´ ±µ ¨´É¥·¶·¥-
É Í¨Ö É ±µ£µ ·µ¤  ¸¶¥±É·µ¢ ¤µ¸É ÉµÎ´µ ´¥µ¤´µ§´ Î´ , ¶µ¸±µ²Ó±Ê ¨§³¥·Ö² ¸Ó
²¨ÏÓ Ô´¥·£¨Ö · ¸¶ ¤ ,   ´¥  ¡¸µ²ÕÉ´ Ö Ô´¥·£¨Ö ¸µ¸ÉµÖ´¨Ö. �µÔÉµ³Ê ¶·µ-
¨¸Ìµ¦¤¥´¨¥ ¶¨±  ¶·¨ ´Ê²¥¢µ° µÉ´µ¸¨É¥²Ó´µ° ¸±µ·µ¸É¨ ³µ¦¥É ¡ÒÉÓ ¸¢Ö§ ´o
¸ · ¸¶ ¤µ³ ²¨¡µ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö 10Li, ²¨¡µ ¢µ§³µ¦´µ£µ ¢µ§¡Ê¦¤¥´´µ£µ
¸µ¸ÉµÖ´¨Ö ¶·¨ E∗ ≈ 2, 5 ŒÔ‚. „¥²µ ¢ Éµ³, ÎÉµ ¢ Ö¤·¥ 9Li, ±·µ³¥ µ¸´µ¢´µ£µ,
¨³¥¥É¸Ö ¥Ð¥ µ¤¨´ ¸¢Ö§ ´´Ò° Ê·µ¢¥´Ó ¶·¨ E∗ = 2, 69 ŒÔ‚ [5], ¶µÔÉµ³Ê ´¥²Ó§Ö
µ¶·¥¤¥²¨ÉÓ, ± ±µ¥ ¸µ¸ÉµÖ´¨¥ 9Li, µ¸´µ¢´µ¥ ¨²¨ ¢µ§¡Ê¦¤¥´´µ¥, § ¸¥²Ö¥É¸Ö ¶·¨
¨¸¶Ê¸± ´¨¨ ´¥°É·µ´  ¨§ 10Li. …¸²¨ · ¸¶ ¤ ¢¥¤¥É ± µ¸´µ¢´µ³Ê ¸µ¸ÉµÖ´¨Õ 9Li,
Éµ ¤µ²¦´µ · ¸¶ ¤ ÉÓ¸Ö µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ 10Li ¸ Ô´¥·£¨¥° ¢¡²¨§¨ ¶µ·µ£ .
…¸²¨ · ¸¶ ¤ ¶·µ¨¸Ìµ¤¨É ¢ ¢µ§¡Ê¦¤¥´´µ¥ ¸µ¸ÉµÖ´¨¥ 9Li, Éµ ¸²¥¤Ê¥É, ÎÉµ ´ -
¡²Õ¤ ¥É¸Ö ¢µ§¡Ê¦¤¥´´Ò° Ê·µ¢¥´Ó 10Li ¸ E∗ ≈ 2, 5 ŒÔ‚. ’ ±¨³ µ¡· §µ³, ´ 
µ¸´µ¢ ´¨¨ ÔÉ¨Ì ¤ ´´ÒÌ ´¥²Ó§Ö ¡Ò²µ ¸¤¥² ÉÓ µ¤´µ§´ Î´µ£µ ¢Ò¢µ¤  µ ´ ¡²Õ-
¤¥´¨¨ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö 10Li ¢¡²¨§¨ ¶µ·µ£ .

‚ ¸µ£² ¸¨¨ ¸ ÔÉ¨³¨ ¤ ´´Ò³¨ ´ Ìµ¤¨É¸Ö ·¥§Ê²ÓÉ É · ¡µÉÒ [111], £¤¥ ¤²Ö
¤²¨´Ò · ¸¸¥Ö´¨Ö ¸¨¸É¥³Ò 9Li + n ¡Ò²µ ¶µ²ÊÎ¥´µ §´ Î¥´¨¥ as < −16+4

−7 Ë³.
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�¨¸. 20. �´¥·£¨Ö · ¸¶ ¤  ¤²Ö 10Li, ¶µ²ÊÎ¥´´ Ö ¢  ´ ²¨§¥ ¨´¢ ·¨ ´É´µ° ³ ¸¸Ò 9Li + n

¶µ¸²¥ · §¢ ²  ´  ³¨Ï¥´¨ ¨§ Pb (¡) ¨ ‘ (¢) [110]. ‘¶¥±É· µ¶¨¸Ò¢ ¥É¸Ö ¤¢Ê³Ö ±µ³-
¶µ´¥´É ³¨ ¶·¨ Ô´¥·£¨¨ · ¸¶ ¤  0,21 ¨ 0,60 ŒÔ‚. �  ¢¸É ¢±¥ ¶·¥¤¸É ¢²¥´ ¸¶¥±É·
¶·¨ Ô´¥·£¨¨ ³¥´ÓÏ¥ 250 ±Ô‚ ¢ ¸· ¢´¥´¨¨ ¸ ¸¥Î¥´¨¥³, µ¦¨¤ ¥³Ò³ ¨§ (Td)

`+1/2, £¤¥
Td Å Ô´¥·£¨Ö · ¸¶ ¤ , ` Å Ê£²µ¢µ° ³µ³¥´É ´¥°É·µ´ ; ´  ·¨¸. a Å · ¸Î¥É ¶µ QRPA

‚ · ¡µÉ¥ [34], ¢ ·¥ ±Í¨¨ Ë· £³¥´É Í¨¨ 11Li + C→ 9Li + n + X ¶·¨
72 ŒÔ‚/�, ¶·µ¢µ¤¨²¨¸Ó Ô±¸±²Õ§¨¢´Ò¥ ¨§³¥·¥´¨Ö ¨´¢ ·¨ ´É´µ° ³ ¸¸Ò ¤²Ö
9Li+n. � ¸¶·¥¤¥²¥´¨¥ ³µ´µÉµ´´µ Ê¡Ò¢ ¥É µÉ ¶µ·µ£  · §¢ ²  10Li→ 9Li+n.
� ¡²Õ¤ ²¸Ö Ï¨·µ±¨° ¶¨± ¢ · °µ´¥ E∗ ∼ 500 ±Ô‚.

‚ · ¡µÉ¥ [110] ¡Ò²  ¶µ²ÊÎ¥´  ¨´Ëµ·³ Í¨Ö µ ¸É·Ê±ÉÊ·¥ 10Li ³¥Éµ¤µ³
µ¶·¥¤¥²¥´¨Ö ¨´¢ ·¨ ´É´µ° ³ ¸¸Ò (·¨¸. 20) ¶·¨ · §¢ ²¥ ¢Éµ·¨Î´µ£µ ¶ÊÎ±  11Li
(280 ŒÔ‚/�). ‚ ¦´µ µÉ³¥É¨ÉÓ, ÎÉµ ¢ ÔÉµ° · ¡µÉ¥ ¶·¥¤¶µ² £ ²µ¸Ó, ÎÉµ ¢Ò²¥-
É ÕÐ¨° Ë· £³¥´É (±µ· 9Li) ´ Ìµ¤¨É¸Ö ¢ µ¸´µ¢´µ³ ¸µ¸ÉµÖ´¨¨. � ¡²Õ¤ ¥³Ò°
¶·¨ ³ ²ÒÌ Ô´¥·£¨ÖÌ · ¸¶ ¤  ·¥§±¨° ¶µ¤Ñ¥³ ¸¥Î¥´¨Ö µ¡ÑÖ¸´Ö²¸Ö ²¨ÏÓ ´ -
²¨Î¨¥³ (` = 0)-¢µ²´Ò (¸³. ¢¸É ¢±Ê ´  ·¨¸. 20). �Ò²µ µ¡´ ·Ê¦¥´µ É ±¦¥ ¤¢ 
´¨§±µ²¥¦ Ð¨Ì ·¥§µ´ ´¸  ¶·¨ Ô´¥·£¨ÖÌ 0,21(5) ¨ 0,62(10) ŒÔ‚, ¨ ´¥ ¨¸±²ÕÎ -
²µ¸Ó ´ ²¨Î¨¥ ·¥§µ´ ´¸  ¶·¨ Ô´¥·£¨¨ ∼ 1, 6 ŒÔ‚. ‚ · ¡µÉ¥ ¶·¨¢¥¤¥´Ò É ±¦¥
· ¸Î¥ÉÒ Ö¤·  10Li ¢ · ³± Ì QRPA-¶µ¤Ìµ¤ , ±µÉµ·Ò¥ ÊÎ¨ÉÒ¢ ²¨ ¢±² ¤Ò µÉ § -
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¸¥²¥´¨Ö s-, p- ¨ d-´¥°É·µ´´ÒÌ ¸µ¸ÉµÖ´¨° (·¨¸. 20). ˆ§ ÔÉ¨Ì · ¸Î¥Éµ¢ ¸²¥¤Ê¥É,
ÎÉµ ´¥¶µ¸·¥¤¸É¢¥´´µ Ê ¶µ·µ£  ¨³¥ÕÉ ³¥¸Éµ Jπ = 1−, 2−-¸µ¸ÉµÖ´¨Ö (´¥°É·µ´
§ ´¨³ ¥É s-µ·¡¨ÉÊ), ¢ ¶µ¸²¥¤ÊÕÐ¨Ì ¸É·Ê±ÉÊ· Ì ¤µ³¨´¨·ÊÕÉ (Jπ = 1+, 2+)-
¸µcÉµÖ´¨Ö (´¥°É·µ´ ´ Ìµ¤¨É¸Ö ´  p1/2-µ·¡¨É¥),   ¢ · °µ´¥ 1,5 ¨ 2,6 ŒÔ‚
¸¥Î¥´¨Ö µ¡Ê¸²µ¢²¥´Ò ´ ²µ¦¥´¨Ö³¨ s- ¨ d-µ·¡¨É.

‚ · ¡µÉ¥ [109] ¶·µ¤¥² ´ ¸· ¢´¨É¥²Ó´Ò°  ´ ²¨§ · ¸¶·¥¤¥²¥´¨° ¨³¶Ê²Ó¸ 
´¥°É·µ´µ¢ ¢ ¸µ¢¶ ¤¥´¨¨ ¸ Ö¤·µ³ 9Li, µ¡· §ÊÕÐ¨Ì¸Ö ¢ ·¥ ±Í¨ÖÌ ¢Éµ·¨Î´ÒÌ
¶ÊÎ±µ¢ 11Be ¨ 11Li ¢Ò¸µ±µ° Ô´¥·£¨¨ (460 ¨ 280 ŒÔ‚/�) ´  Ê£²¥·µ¤´µ° ³¨-
Ï¥´¨. �µ± § ´µ, ÎÉµ ¢§ ¨³µ¤¥°¸É¢¨¥ ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ ¤µ³¨´¨·Ê¥É, ¨
µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ 10Li ¨³¥¥É ` = 0 ¨ ¤²¨´Ê · ¸¸¥Ö´¨Ö as = 20 Ë³, ÎÉµ
¸µµÉ¢¥É¸É¢Ê¥É Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö < 50 ±Ô‚. ’ ±¦¥ ¨³¥¥É ³¥¸Éµ (` = 1)-·¥-
§µ´ ´¸ ¶·¨ Ô´¥·£¨¨ µ±µ²µ 500 ±Ô‚. �¤´ ±µ, ¶µ ³´¥´¨Õ  ¢Éµ·µ¢, ÔÉ¨ ¢Ò¢µ¤Ò
Ö¢²ÖÕÉ¸Ö ¸±µ·¥¥ ± Î¥¸É¢¥´´Ò³¨, ¨ ¢µ¶·µ¸ µ § ¸¥²¥´¨¨ 1s1/2-µ·¡¨ÉÒ É·¥¡Ê¥É
¤ ²Ó´¥°Ï¨Ì É¥µ·¥É¨Î¥¸±¨Ì ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨¸¸²¥¤µ¢ ´¨°.

Ÿ¤·Ê 10Li ¢ ¶µ¸²¥¤´¥¥ ¢·¥³Ö ¡Ò² ¶µ¸¢ÖÐ¥´ ·Ö¤ É¥µ·¥É¨Î¥¸±¨Ì · ¸Î¥Éµ¢.
‚ · ³± Ì É¥µ·¨¨ ¶µ·µ£µ¢ÒÌ Ö¢²¥´¨° ¡Ò²¨ µ¶·¥¤¥²¥´Ò Ô´¥·£¨¨, Ï¨-

·¨´Ò ¨ Î¥É´µ¸É¨ ´¨¦ °Ï¨Ì ¸µ¸ÉµÖ´¨° T = 2 Ö¤·  10Be, ±µÉµ·Ò¥ Ö¢²Ö-
ÕÉ¸Ö  ´ ²µ£ ³¨ µ¸´µ¢´µ£µ ¨ ¶¥·¢µ£µ ¢µ§¡Ê¦¤¥´´µ£µ ¸µ¸ÉµÖ´¨° Ö¤·  10Li.
„ ²¥¥ ¡Ò²  ¶·µ¢¥¤¥´  Ô±¸É· ¶µ²ÖÍ¨Ö ¨Ì Ì · ±É¥·¨¸É¨± ´  ¸¢µ°¸É¢  ¸µ¸Éµ-
Ö´¨° Ö¤·  10Li ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¨§µ¡ ·¨Î¥¸±¨Ì ³Ê²ÓÉ¨¶²¥É´ÒÌ ³ ¸¸µ¢ÒÌ
Ê· ¢´¥´¨° (IMME) ¨ ¸¨¸É¥³ É¨±¨ Ô´¥·£¨° ±Ê²µ´µ¢¸±µ° ¶¥·¥¸É·µ°±¨. �Éµ
¶µ§¢µ²¨²µ Ê¸É ´µ¢¨ÉÓ ´ ¨¡µ²¥¥ ¢¥·µÖÉ´ÊÕ ¶µ¸²¥¤µ¢ É¥²Ó´µ¸ÉÓ ¶¥·¢ÒÌ ¤¢ÊÌ
Ê·µ¢´¥° Ö¤·  10Li ´ ¤ ¶µ·µ£µ³ · ¸¶ ¤  10Li→ 9Li+n: (0, 027±0, 027) ŒÔ‚,
Jπ = 2− ¨ (0, 088± 0, 043) ŒÔ‚, Jπ = 1−, ¸ Ï¨·¨´ ³¨, ¸µµÉ¢¥É¸É¢¥´´µ, 68
¨ 14 ±Ô‚ [113]. ’ ±¨³ µ¡· §µ³, ³µ¦´µ µ¦¨¤ ÉÓ, ÎÉµ Ö¤·µ 10Li ´¥Ê¸Éµ°Î¨¢µ
± ¨¸¶Ê¸± ´¨Õ ´¥°É·µ´  ´  27 ±Ô‚, ¨ ¥£µ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ ¶·¨´ ¤²¥¦¨É
¤Ê¡²¥ÉÊ ¸ ±µ´Ë¨£Ê· Í¨¥° [π1p3/2⊗ ν2s1/2].

‚ · ¡µÉ Ì [114, 115] ¡Ò²¨ · ¸¸Î¨É ´Ò ¨³¶Ê²Ó¸´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¶·µ¤Ê±-
Éµ¢ · §¢ ²  11Li ¶·¨ ¡µ²ÓÏµ° Ô´¥·£¨¨ ¸ ÊÎ¥Éµ³ ¤¢ÊÌÉ¥²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö
¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨. ‘· ¢´¥´¨¥ ¸ Ê¶µ³Ö´ÊÉÒ³¨ ¢ÒÏ¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
¤ ´´Ò³¨ [109],   É ±¦¥ ¸ ¤ ´´Ò³¨ · ¡µÉ [116Ä118], ¶·¨¢¥²µ ±  ´ ²µ£¨Î-
´Ò³ ¢Ò¢µ¤ ³: Ô´¥·£¨Ö ¸ ³µ£µ ´¨§±µ²¥¦ Ð¥£µ ¢¨·ÉÊ ²Ó´µ£µ s-¸µ¸ÉµÖ´¨Ö ¢ 10Li
¤µ²¦´  ´ Ìµ¤¨ÉÓ¸Ö ¢ ¶·¥¤¥² Ì 5÷ 200 ±Ô‚,   Ô´¥·£¨Ö ¸ ³µ£µ ´¨§±µ²¥¦ Ð¥£µ
p-·¥§µ´ ´¸  Å µ±µ²µ 500 ±Ô‚.

‚ · ¡µÉ¥ [119]  ¢Éµ·Ò ¶µ± § ²¨, ÎÉµ ¢ É·¥ÌÉ¥²Ó´µ° ³µ¤¥²¨ · ¸Î¥É  µ´¨
¸³µ£²¨ ¢µ¸¶·µ¨§¢¥¸É¨ Ô´¥·£¨Õ ¸¢Ö§¨ ¨ · ¤¨Ê¸ Ö¤·  11Li ²¨ÏÓ ¢ ¶·¥¤¶µ²µ¦¥-
´¨¨, ÎÉµ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ 10Li ¶µÎÉ¨ ´¥ ¸¢Ö§ ´µ ¨ ¸µµÉ¢¥É¸É¢Ê¥É ´¥°É·µ´Ê
¢ (` = 0)-¸µ¸ÉµÖ´¨¨.

‚ · ¡µÉ¥ [120] ³¥Éµ¤µ³ ·¥§µ´¨·ÊÕÐ¨Ì £·Ê¶¶ · ¸¸³ É·¨¢ ²¨¸Ó · ¸¸¥Ö´¨¥
´¥°É·µ´  ´  µ¸´µ¢´µ³ ¸µ¸ÉµÖ´¨¨ 9Li ¨ ¶¥·¥Ìµ¤Ò ± · §´Ò³ ¢µ§¡Ê¦¤¥´´Ò³ ¸µ-
¸ÉµÖ´¨Ö³. ˆ§ ÔÉ¨Ì · ¸Î¥Éµ¢ ¸²¥¤Ê¥É, ÎÉµ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ ¨³¥¥É Jπ = 1+

(¢ ¸µ£² ¸¨¨ ¸ ¤ ´´Ò³¨ [61, 106], ´µ ¶·¨ Ô´¥·£¨¨ ·¥§µ´ ´¸  0,6 ŒÔ‚). �É  ¢¥-
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’ ¡²¨Í  6. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶µ ·¥§µ´ ´¸ ³ ¢ 10Li: ¨Ì Ô´¥·£¨¨ (ER), Ï¨·¨´Ò (ΓR) ¨ ¨¤¥´É¨Ë¨± Í¨Ö

‘¸Ò²± , £µ¤ �¥ ±Í¨Ö ER, ŒÔ‚ ΓR, ŒÔ‚ ˆ¤¥´É¨Ë¨± Í¨Ö

[100], 1975 9Be(9Be, 8B)10Li 0, 80± 0, 25 1, 2 ± 0, 3 g.s.

[103], 1990 11B(π−, p)10Li 0, 15± 0, 15 ≤ 0, 4 g.s., s1/2

[107], 1994 11B(7Li, 8B)10Li (< 0, 10) (< 0, 23) (g.s.)
0, 54± 0, 06 0, 36 ± 0, 02 p1/2

[105,61,106] 9Be(13C, 12N)10Li 0, 24± 0, 06 0,10 g.s., p1/2, 1+

1993, 1995, 1997 10Be(12C, 12N)10Li 0, 53± 0, 06 0, 30 ± 0, 08 p1/2, 2+

1, 40± 0, 08
2, 35± 0, 10
2, 85± 0, 06
4, 19± 0, 10
4, 64± 0, 08
5, 7± 0, 1

(9, 0)

[108], 1998 9Be(9Be, 8B)10Li 0, 25± 0, 10 p1/2

[34], 1993 11Li + C→ 9Li + n+X ≤ 0, 15
∼ 0, 5

[51], 1993 12C(18O, n9Li)X < 0, 15 ¨²¨ E∗ ≈ 2, 5 g.s., s1/2, ¨²¨ E∗

[52, 53] 9Be(18O, n9Li)X < 0, 05 ¨²¨ g.s., s1/2, ¨²¨ E∗

1995, 1999 E∗ ∼ 0, 540 p1/2

[109], 1995 11Li(11Be) + C→ 9Li + n+X ≤ 0, 05 g.s., s1/2
∼ 0, 5 p1/2

[110], 1997 11Li + C(Pb)→ 9Li + n+X 0, 21± 0, 05 0,12 s1/2
0, 62± 0, 10 0, 6 ± 0, 1 p1/2

(∼ 1, 6)

[111], 1998 ∼ 0, 075
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²¨Î¨´  ¶·¥¢ÒÏ ¥É ¢¸¥ ¨§¢¥¸É´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥, ¶·¨¶¨¸Ò¢ ³Ò¥
µ¸´µ¢´µ³Ê ¸µ¸ÉµÖ´¨Õ. �¥§µ´ ´¸, ¨³¥ÕÐ¨° Jπ = 2+, É ±¦¥ ´¥ ¢µ¸¶·µ¨§¢µ-
¤¨É¸Ö ¢ ÔÉµ³ · ¸Î¥É¥. ‘µ¸ÉµÖ´¨Ö ¶·¨ 1,7 ¨ 6,1 ŒÔ‚ ¨¤¥´É¨Ë¨Í¨·ÊÕÉ¸Ö ± ±
2−/1−-¤Ê¡²¥É ¨§ ±µ´Ë¨£Ê· Í¨¨ [π1p3/2 ⊗ ν2s1/2]. �µ²ÊÎ¥´´Ò° ·¥§Ê²ÓÉ É
¸µ£² ¸Ê¥É¸Ö ¸ · ¸Î¥Éµ³ [41], ¸¤¥² ´´Ò³ ¢ ³µ¤¥²Ó´µ³ ¶·µ¸É· ´¸É¢¥ (0 + 1)~ω,
¨ ¸ ¶· ¢¨² ³¨ �µ·¤Ì °³  [99]. ‚³¥¸É¥ ¸ É¥³ ¢ ÔÉµ° · ¡µÉ¥ ´¥ ¶·¥¤¸± §Ò-
¢ ¥É¸Ö ¸ÊÐ¥¸É¢µ¢ ´¨¥ ¢¨·ÉÊ ²Ó´µ£µ s-¢µ²´µ¢µ£µ ¸µ¸ÉµÖ´¨Ö. ‚ Éµ ¦¥ ¢·¥³Ö
¢ [121] ¡Ò²µ ¶µ± § ´µ, ÎÉµ ¸ÊÐ¥¸É¢µ¢ ´¨¥ ´¨§±µ²¥¦ Ð¥£µ s-¢¨·ÉÊ ²Ó´µ£µ ¸µ-
¸ÉµÖ´¨Ö ¢ ¸¨¸É¥³¥ 9Li+n µ± §Ò¢ ¥É ¸¨²Ó´µ¥ ¢²¨Ö´¨¥ ´  ¸É·Ê±ÉÊ·Ê £ ²µ ¢ Ö¤·¥
11Li (s-¢¨·ÉÊ ²Ó´µ¥ ¸µ¸ÉµÖ´¨¥ ¡Ò²µ ´¥µ¡Ìµ¤¨³µ ¤²Ö µ¶¨¸ ´¨Ö ¨³¶Ê²Ó¸´µ£µ
· ¸¶·¥¤¥²¥´¨Ö 9Li ¶µ¸²¥ · §¢ ²  11Li).

‚ ¦´µ¸ÉÓ ÊÎ¥É  ¤¥Ëµ·³ Í¨¨ Ö¤· -±µ·  9Li ¶µ± § ´  ¢ · ¡µÉ¥ [122], ¢ ±µ-
Éµ·µ° ¤²Ö ¢¨·ÉÊ ²Ó´µ£µ ¸µ¸ÉµÖ´¨Ö ¡Ò²  ¶µ²ÊÎ¥´  ¤²¨´  · ¸¸¥Ö´¨Ö
as ≈ −7 Ë³.

‚³¥¸É¥ ¸ É¥³ ¢ · ¡µÉ¥ [123], £¤¥ ¶·¨³¥´Ö²¸Ö ³¨±·µ¸±µ¶¨Î¥¸±¨° ³´µ£µ-
±² ¸É¥·´Ò° ³¥Éµ¤ ¸ ´Ê±²µ´-´Ê±²µ´´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³ ¨ ±² ¸É¥·´µ° ¸É·Ê±-
ÉÊ·µ° 10Li(= 9Li+n),   É ±¦¥ ¸ ÊÎ¥Éµ³ ¢µ§¡Ê¦¤¥´¨° ±µ·  9Li, ¡Ò²µ ¶µ± § ´µ,
ÎÉµ ¸ÊÐ¥¸É¢µ¢ ´¨¥ s-¢¨·ÉÊ ²Ó´µ£µ ¸µ¸ÉµÖ´¨Ö µ¸É ¥É¸Ö µÉ±·ÒÉÒ³ ¢µ¶·µ¸µ³,
µ¤´ ±µ, ¥¸²¨ ¨ ¨³¥¥É ³¥¸Éµ s-·¥§µ´ ´¸, µ´ ¸±µ·¥¥ ¢¸¥£µ ´¥ Ö¢²Ö¥É¸Ö µ¸´µ¢-
´Ò³ ¸µ¸ÉµÖ´¨¥³. „²Ö µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨¥ ¶·¥¤¸± §Ò¢ ¥É¸Ö Jπ = 1+, ¤²Ö
¶¥·¢µ£µ ¢µ§¡Ê¦¤¥´´µ£µ ¸µ¸ÉµÖ´¨Ö Jπ = 2+, ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¨´É¥·¶·¥É Í¨¥°
· ¡µÉÒ [106].

‚ É ¡². 6 ¶·¥¤¸É ¢²¥´Ò Ì · ±É¥·¨¸É¨±¨ ·¥§µ´ ´¸µ¢ 10Li, ¶µ²ÊÎ¥´´Ò¥ ¢
µ¸´µ¢´µ³ §  ¶µ¸²¥¤´¨¥ 10 ²¥É.

‚¨¤´µ, ÎÉµ ´¥¸³µÉ·Ö ´  Éµ, ÎÉµ Ë¨§¨±¨ ¶·¨¡²¨§¨²¨¸Ó ± ²ÊÎÏ¥³Ê ¶µ´¨³ -
´¨Õ § £ ¤±¨ ¸É·Ê±ÉÊ·Ò 10Li, ¢¸¥ ¥Ð¥ ´¥É ¥¤¨´µ£µ ³´¥´¨Ö µ ³¥¸É¥ ´ Ìµ¦¤¥´¨Ö
µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö 10Li. …£µ ¸¶¨´ ¨ Î¥É´µ¸ÉÓ ´¥ µ¶·¥¤¥²¥´Ò µ¤´µ§´ Î´µ.
�·¨ ÔÉµ³ ´¥ ¨¸±²ÕÎ¥´µ, ÎÉµ ¢¡²¨§¨ ¶µ·µ£  ¨³¥¥É ³¥¸Éµ ¢±² ¤ ± ± s-, É ± ¨
p-´¥°É·µ´ . �¥µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ É ±¦¥, ÎÉµ, ± ± ¶µ± § ´µ ¢ · ¡µÉ¥ [124],
´  µ¸´µ¢ ´¨¨ ¸¢µ°¸É¢ ·¥§µ´ ´¸µ¢, · ¸¶µ²µ¦¥´´ÒÌ ¢¡²¨§¨ ¶µ·µ£  (´ ¶·¨³¥·,
¨Ì ¡µ²ÓÏ Ö Ï¨·¨´ , µ¡Ê¸² ¢²¨¢ ÕÐ Ö ¨Ì  ¸¨³³¥É·¨Î´ÊÕ Ëµ·³Ê ¨ ¶¥·¥±·Ò-
É¨¥ ¶µ·µ£ ), µÎ¥´Ó É·Ê¤´µ ¤²Ö µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö 10Li µ¶·¥¤¥²¨ÉÓ §´ Î¥´¨¥
` ¨²¨ ¤ ¦¥ ÉµÎ´µ¥ §´ Î¥´¨¥ ¥£µ Ô´¥·£¨¨.

2.2. Ÿ¤·µ 11Li. ‚ ¶µ¸²¥¤´¨¥ £µ¤Ò Ö¤·µ 11Li ¡µ²ÓÏ¥ ¤·Ê£¨Ì ²¥£±¨Ì Ö¤¥·
¶·¨¢²¥± ²µ ¢´¨³ ´¨¥ ± ± Ô±¸¶¥·¨³¥´É Éµ·µ¢, É ± ¨ É¥µ·¥É¨±µ¢, ¶µ¸±µ²Ó±Ê
µ´µ Ö¢²Ö¥É¸Ö ´ ¨¡µ²¥¥ Ö·±¨³ ¶·¥¤¸É ¢¨É¥²¥³ Ö¤¥· ¸ £ ²µ. ‚ ¶·¨´Í¨¶¥ ´¥°-
É·µ´´µ¥ £ ²µ ³µ¦¥É ¶·µÖ¢²ÖÉÓ¸Ö ¢ Ö¤· Ì, ¢ ±µÉµ·ÒÌ Ô´¥·£¨Ö µÉ·Ò¢  ¢ ²¥´É-
´µ£µ ´¥°É·µ´  (¢ ²¥´É´ÒÌ ´¥°É·µ´µ¢) ³ ² . Γ ²µµ¡· §´ Ö ¸É·Ê±ÉÊ·  Ö¤¥· ¢µ§-
´¨± ¥É ¢ ·¥§Ê²ÓÉ É¥ ¤²¨´´µ£µ ®Ì¢µ¸É ¯ ¢ ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¸² ¡µ¸¢Ö§ ´´ÒÌ
¢ ²¥´É´ÒÌ ´¥°É·µ´µ¢ ¤ ²¥±µ §  ¶·¥¤¥² ³¨ Ö¤¥·´µ£µ ¶µÉ¥´Í¨ ² . �¥°É·µ´´µ¥
£ ²µ ¡Ò²µ ¢¶¥·¢Ò¥ µ¡´ ·Ê¦¥´µ ¢ 1985 £. ¨³¥´´µ ¢ Ö¤·¥ 11Li (B2n ≈ 300 ±Ô‚)
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’ ¡²¨Í  7. � ¤¨Ê¸Ò ¢§ ¨³µ¤¥°¸É¢¨Ö ¨ ¸·¥¤´¥±¢ ¤· É¨Î´Ò¥ · ¤¨Ê¸Ò [Ë³] ¤²Ö 9Li
¨ 11Li [17, 20]

Ÿ¤·µ RI Rmrms Rprms Rnrms

9Li 2, 41± 0, 02 2, 43± 0, 02 2, 30± 0, 02 2, 50± 0, 02

11Li 3, 14± 0, 16 3, 27± 0, 24 3, 03± 0, 024 3, 36± 0, 24

¢ Ô±¸¶¥·¨³¥´É Ì ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ · ¤¨µ ±É¨¢´ÒÌ ¶ÊÎ±µ¢ [17]. ‚ ÔÉµ° · ¡µÉ¥
¨§³¥·Ö²¨¸Ó ¸¥Î¥´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö 6Li, 7Li, 8Li, 9Li ¨ 11Li, ´  µ¸´µ¢ ´¨¨
±µÉµ·ÒÌ µ¶·¥¤¥²Ö²¨¸Ó ¸·¥¤´¥±¢ ¤· É¨Î´Ò¥ · ¤¨Ê¸Ò · ¸¶·¥¤¥²¥´¨Ö ´Ê±²µ´µ¢
¢ ÔÉ¨Ì Ö¤· Ì. ‚ É ¡². 7 ¶µ± § ´Ò §´ Î¥´¨Ö · ¤¨Ê¸µ¢ ¢§ ¨³µ¤¥°¸É¢¨Ö ¤²Ö
9Li ¨ 11Li,   É ±¦¥ ¸·¥¤´¥±¢ ¤· É¨Î´Ò¥ · ¤¨Ê¸Ò · ¸¶·¥¤¥²¥´¨Ö ´Ê±²µ´µ¢,
¶µ²ÊÎ¥´´Ò¥ ¸ ¶µ³µÐÓÕ £² Ê¡¥·µ¢¸±µ° É¥µ·¨¨. �± § ²µ¸Ó, ÎÉµ · ¤¨Ê¸ 11Li
¡µ²ÓÏ¥ µ¦¨¤ ¥³µ£µ ¶µ ¸¨¸É¥³ É¨±¥ ¤²Ö ³¥´¥¥ ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ ¨§µÉµ-
¶µ¢ Li. �µ§¦¥ [19] ¡Ò²µ ¨§³¥·¥´µ · ¸¶·¥¤¥²¥´¨¥ ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸  9Li,
µ¡· §µ¢ ´´µ£µ ¢ ·¥ ±Í¨¨ Ë· £³¥´É Í¨¨ 11Li, µ´µ µ± § ²µ¸Ó ¡µ²¥¥ Ê§±¨³, Î¥³
¶·¥¤¶µ² £ ²µ¸Ó ¢ ³µ¤¥²¨ ƒµ²Ó¤Ì ¡¥·  [125]. ‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¶·¨´Í¨¶µ³
´¥µ¶·¥¤¥²¥´´µ¸É¨ ƒ¥°§¥´¡¥·£  ¡Ò² ¸¤¥² ´ ¢Ò¢µ¤ µ Éµ³, ÎÉµ ´¥°É·µ´Ò ¢ £ ²µ
¨³¥ÕÉ Ï¨·µ±µ¥ ¶·µ¸É· ´¸É¢¥´´µ¥ · ¸¶·¥¤¥²¥´¨¥. ’ ±¨³ µ¡· §µ³, ¡µ²ÓÏµ°
· ¤¨Ê¸ ¨ Ê§±µ¥ ¨³¶Ê²Ó¸´µ¥ · ¸¶·¥¤¥²¥´¨¥ ¡Ò²¨ ¶¥·¢Ò³¨ ¶·¨§´ ± ³¨ ¸ÊÐ¥-
¸É¢µ¢ ´¨Ö ´¥°É·µ´´µ£µ £ ²µ ¢ Ö¤· Ì ¢¡²¨§¨ £· ´¨ÍÒ ¸É ¡¨²Ó´µ¸É¨.

‚ ·¥§Ê²ÓÉ É¥ ¨§³¥·¥´¨Ö ¸¶¨´ , ³ £´¨É´µ£µ ¨ ±¢ ¤·Ê¶µ²Ó´µ£µ ³µ³¥´Éµ¢,
±µÉµ·Ò¥ µ± § ²¨¸Ó ¡²¨§±¨³¨ ± µ¦¨¤ ¥³µ³Ê ¤²Ö ¶·µÉµ´  ´  p3/2-µ¡µ²µÎ±¥,
¡Ò²µ ¶µ± § ´µ, ÎÉµ Ê¢¥²¨Î¥´¨¥ · §³¥·  11Li ´¥²Ó§Ö µ¡ÑÖ¸´¨ÉÓ ¤¥-
Ëµ·³ Í¨¥° [126].

Ÿ¤·µ 11Li Å ¡µ··µ³¨´µ¢¸±µ¥ Ö¤·µ: ¥£µ ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ ±µ· 
(9Li) ¨ ¤¢ÊÌ ´¥°É·µ´µ¢ ¸¢¥·Ì ÔÉµ£µ ±µ· . Š ¦¤ Ö ¨§ ¤¢ÊÌÉ¥²Ó´ÒÌ ¶µ¤¸¨¸É¥³
(9Li + n) ¨ (n + n) ´¥ ¸¢Ö§ ´ . �µÔÉµ³Ê Ö¤·µ 11Li ¤¥³µ´¸É·¨·Ê¥É ¢ ¦´ÊÕ
·µ²Ó, ±µÉµ·ÊÕ ¨£· ÕÉ ±µ··¥²ÖÍ¨¨ ¢ ¤¢ÊÌÉ¥²Ó´ÒÌ ¶µ¤¸¨¸É¥³ Ì ¢ ¸É ¡¨²Ó-
´µ¸É¨ Ö¤¥·, µ¸µ¡¥´´µ ¶·¨ ¸¶ ·¨¢ ´¨¨ ¤¢ÊÌ ´¥°É·µ´µ¢ £ ²µ. ‚§ ¨³µ¤¥°¸É¢¨¥
³¥¦¤Ê ¤¢Ê³Ö ¢ ²¥´É´Ò³¨ ´¥°É·µ´ ³¨ ³µ¦¥É ¡ÒÉÓ ´ ¸Éµ²Ó±µ ¸¨²Ó´Ò³, ÎÉµ
¢ Ö¤·¥ 11Li µ´¨ ³µ£ÊÉ µ¡· §µ¢Ò¢ ÉÓ ¤¢  ¸¨²Ó´µ ¸±µ··¥²¨·µ¢ ´´ÒÌ ´¥°É·µ´ 
(¤¨´¥°É·µ´) [3, 65].

Ÿ¤·µ 11Li ¢¶¥·¢Ò¥ ´ ¡²Õ¤ ²µ¸Ó ¶·¨ Ë· £³¥´É Í¨¨ Ê· ´µ¢µ° ³¨Ï¥´¨ ¶·µ-
Éµ´ ³¨ ¸ Ô´¥·£¨¥° 5,3 ƒÔ‚ [84]. �ÉµÉ ·¥§Ê²ÓÉ É µ± § ²¸Ö ¤µ¢µ²Ó´µ ´¥µ¦¨¤ ´-
´Ò³, ¶µ¸±µ²Ó±Ê ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ Ô±¸É· ¶µ²ÖÍ¨Ö³¨ ¶µ ³¥Éµ¤Ê ƒ ·¢¨ Å Š¥²-
¸µ´  [42] 11Li µ¦¨¤ ²¸Ö ´¥ ¸¢Ö§ ´´Ò³ ´  2,5 ŒÔ‚.

ˆ§³¥·¥´¨¥ ¨§¡ÒÉ±  ³ ¸¸Ò 11Li ¶·µ¢µ¤¨²µ¸Ó ¢ ´¥¸±µ²Ó±¨Ì · ¡µ-
É Ì [33, 127Ä130]. �¥·¢Ò¥ ·¥§Ê²ÓÉ ÉÒ [127Ä128] ¸¨²Ó´µ · ¸Ìµ¤¨²¨¸Ó ¨ Ì · ±-
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�¨¸. 21. ‘¶¥±É· ´¥¤µ¸É ÕÐ¥° ³ ¸¸Ò ¤²Ö ·¥ ±Í¨¨ 11B(π−, π+)11Li ¶·¨ Ô´¥·£¨¨
164 ŒÔ‚ ¨ θ² ¡ = 20◦ [129, 33]

É¥·¨§µ¢ ²¨¸Ó ¡µ²ÓÏµ° µÏ¨¡±µ°. „²Ö ¶µ´¨³ ´¨Ö ¶·µÖ¢²¥´¨Ö ´¥°É·µ´´µ£µ
£ ²µ ¡Ò²µ ´¥µ¡Ìµ¤¨³µ ¡µ²¥¥ ÉµÎ´µ¥ µ¶·¥¤¥²¥´¨¥ ¨§¡ÒÉ±  ³ ¸¸Ò (Œ.….) ¨
Ô´¥·£¨¨ ¸¢Ö§¨ ¤¢ÊÌ ¢ ²¥´É´ÒÌ ´¥°É·µ´µ¢ (B2n). ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ · ¡µ-
ÉÒ [129, 33, 130] ¡Ò²¨ ´ ¶· ¢²¥´Ò ´  ÊÉµÎ´¥´¨¥ §´ Î¥´¨Ö ¨§¡ÒÉ±  ³ ¸¸Ò
11Li. ‚ ·¥§Ê²ÓÉ É¥ ¢¸¥Ì ¨§³¥·¥´¨° ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¤²Ö 11Li ¶·¨´ÖÉµ §´ Î¥-
´¨¥ Œ.….= (40, 796± 0, 027) ŒÔ‚, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É Ô´¥·£¨¨ ¸¢Ö§¨ ¤¢ÊÌ ´¥°-
É·µ´µ¢ B2n = (310± 40) ±Ô‚ [56]. Š·µ³¥ ¨¸¸²¥¤µ¢ ´¨° µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö
11Li, ¶·µ¢µ¤¨²¨¸Ó Ô±¸¶¥·¨³¥´ÉÒ, ¸¢Ö§ ´´Ò¥ ¸ ¶µ¨¸±µ³ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸Éµ-
Ö´¨°. �µ¨¸± ¨ ¨¸¸²¥¤µ¢ ´¨¥ ÔÉ¨Ì ¸µ¸ÉµÖ´¨° µ¸µ¡¥´´µ  ±ÉÊ ²Ó´Ò ¢ ¸¢Ö§¨ ¸
¶·¥¤¶µ²µ¦¥´¨¥³ µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ¢ ·¥§Ê²ÓÉ É¥ ´¥°É·µ´´µ£µ £ ²µ ´µ¢µ£µ É¨¶ 
±µ²²¥±É¨¢´µ£µ ¢µ§¡Ê¦¤¥´¨Ö,   ¨³¥´´µ ³Ö£±µ£µ ¤¨¶µ²Ó´µ£µ ·¥§µ´ ´¸ . �·¥¤-
¶µ²µ¦¥´¨¥ µ ´ ²¨Î¨¨ ÔÉµ° ³µ¤Ò ¢µ§¡Ê¦¤¥´¨Ö ¡Ò²µ ¸¤¥² ´µ ¤²Ö µ¡ÑÖ¸´¥´¨Ö
´ ¡²Õ¤¥´´µ£µ ¢ Ô±¸¶¥·¨³¥´É¥ ¢Ò¸µ±µ£µ §´ Î¥´¨Ö ¸¥Î¥´¨Ö Ô²¥±É·µ³ £´¨É´µ°
¤¨¸¸µÍ¨ Í¨¨ ¶ÊÎ±  11Li ´  ¸¢¨´Íµ¢µ° ³¨Ï¥´¨ [131]. ‚ · §´ÒÌ ³µ¤¥²ÖÌ §´ Î¥-
´¨¥ ³Ö£±µ£µ ¤¨¶µ²Ó´µ£µ ·¥§µ´ ´¸  ¶·¥¤¶µ² £ ²µ¸Ó ¢ µ¡² ¸É¨ ´¨§±µ° Ô´¥·£¨¨
¢µ§¡Ê¦¤¥´¨Ö µÉ 0,4 ¤µ 1,3 ŒÔ‚ [33, 65, 132Ä134]. ˆ³¥ÕÉ¸Ö ¨ ¤·Ê£¨¥ · ¡µÉÒ,
¢ ±µÉµ·ÒÌ ¶·¥¤¸± §Ò¢ ²¨¸Ó ¢µ§¡Ê¦¤¥´´Ò¥ Ê·µ¢´¨ 11Li [15, 41, 110, 135Ä138].

� ´´¨¥ · ¡µÉÒ [139, 45] ¨§-§  ³ ²µ° ¸É É¨¸É¨±¨ ´¥ ¤ ²¨ µ¤´µ§´ Î´µ£µ
µÉ¢¥É  ´  ¢µ¶·µ¸ µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ¢µ§¡Ê¦¤¥´´ÒÌ Ê·µ¢´¥° ¢ 11Li.

‚¶¥·¢Ò¥ ¢ · ¡µÉ Ì [129, 33], £¤¥ Ö¤·µ 11Li ¶µ²ÊÎ ²µ¸Ó ¢ ·¥ ±Í¨¨ ¤¢µ°´µ°
¶¥·¥§ ·Ö¤±¨ ´  π-³¥§µ´ Ì 11B(π−, π+)11Li ¶·¨ Ô´¥·£¨¨ 164 ŒÔ‚, ´ ¡²Õ¤ ²¸Ö
¶¨±, ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ¢µ§¡Ê¦¤¥´´µ³Ê ¸µ¸ÉµÖ´¨Õ ¶·¨ E∗ = 1, 2 ± 0, 1 ŒÔ‚
¸ Ï¨·¨´µ° Γ ≤ 0, 5 ŒÔ‚. ‘¶¥±É· ´¥¤µ¸É ÕÐ¥° ³ ¸¸Ò, ¶µ²ÊÎ¥´´µ° ¢ ÔÉµ°
· ¡µÉ¥, ¶µ± § ´ ´  ·¨¸. 21 ¤²Ö Ê£²  θ² ¡ = 20◦.

�µ§¦¥ Ô±¸¶¥·¨³¥´É ²Ó´ Ö ¨´Ëµ·³ Í¨Ö µ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ 11Li
¡Ò²  ¶µ²ÊÎ¥´  ¢ · ¡µÉ Ì [110, 140Ä146].
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�¨¸. 22. ‘¶¥±É·Ò ¨§ ·¥ ±Í¨° 10Be(14C, 13N)11Li ( ) ¨ 14C(14C, 17F)11Li (¡). “± § ´Ò
§´ Î¥´¨Ö Ô´¥·£¨° ¢µ§¡Ê¦¤¥´´ÒÌ Ê·µ¢´¥° Ö¤·  11Li,   É ±¦¥ ¶¨±¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥
·¥ ±Í¨Ö³ ´  ¶·¨³¥¸ÖÌ ¢ ³¨Ï¥´ÖÌ [140]

‚ · ¡µÉ¥ [140] ¤²Ö ¶µ¨¸±  ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° 11Li ¨¸¶µ²Ó§µ¢ -
²¨¸Ó ·¥ ±Í¨¨ ¶¥·¥¤ Î¨ 10Be(14C, 13N)11Li ¨ 14C(14C, 17F)11Li ¶·¨ Ô´¥·£¨¨
≈ 24 ŒÔ‚/�. ‚ ¶¥·¢µ° ·¥ ±Í¨¨ ¶·µ¨¸Ìµ¤¨² ¶µ¤Ì¢ É µ¤´µ£µ ¶·µÉµ´  ¨ ¸·Ò¢
¤¢ÊÌ ´¥°É·µ´µ¢, ¢ ·¥§Ê²ÓÉ É¥ ¡Ò²  ¢µ§³µ¦´  ¶¥·¥¤ Î  ÔÉ¨Ì ¤¢ÊÌ ´¥°É·µ´µ¢
´  ¸¢µ¡µ¤´Ò¥ µ¡µ²µÎ±¨ ±µ·  (9Li). ‚Éµ· Ö ·¥ ±Í¨Ö Ï²  Î¥·¥§ ¶µ¤Ì¢ É É·¥Ì
¶·µÉµ´µ¢, ¨ ³ ±¸¨³ ²Ó´Ò° ¢ÒÌµ¤ µ¦¨¤ ²¸Ö ¤²Ö µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö. �µ²Ê-
Î¥´´Ò¥ ¢ ÔÉµ° · ¡µÉ¥ ·¥§Ê²ÓÉ ÉÒ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 22. ‚ µ¡¥¨Ì ·¥ ±Í¨ÖÌ
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�¨¸. 23.  ) ‘¶¥±É· Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö Ö¤·  11Li, ¶µ²ÊÎ¥´´Ò° ¨§ ¨§³¥·¥´¨Ö ¶·µ-
Í¥¸¸µ¢ p(11Li, p 9Li), p(11Li, p 11Li)) ¸¶²µÏ´ Ö ¨ ¶Ê´±É¨·´ Ö £¨¸Éµ£· ³³Ò ¸µµÉ¢¥É-
¸É¢¥´´µ. Š·¨¢Òe: 1 Å Ë §µ¢µ¥ ¶·µ¸É· ´¸É¢µ ¤²Ö ± ´ ²  p+n+n+ 9Li; 2 Å ¢§ ¨³µ-
¤¥°¸É¢¨¥ ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ (n+ n ¨²¨ n+ 9Li); 3 Å ¢§ ¨³µ¤¥°¸É¢¨¥ ¢ ±µ´¥Î´µ³
¸µ¸ÉµÖ´¨¨ Î¥·¥§ Ê§±¨° ·¥§µ´ ´¸ 10Li [141]; ¡) Ê£²µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥ ¤²Ö Ê¶·Ê£µ£µ ¨
´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö 11Li + p ¶·¨ 68 ŒÔ‚/�. Š·¨¢Ò³¨ ¶µ± § ´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É 
¤²Ö ¢µ§¡Ê¦¤¥´¨Ö ¸ ¶¥·¥¤ ´´Ò³ µ·¡¨É ²Ó´Ò³ Ê£²µ¢Ò³ ³µ³¥´Éµ³ L = 0, 1, 2, 3 [142]

´ ¡²Õ¤ ²µ¸Ó µ¸´µ¢´µ¥ ¨ É·¨ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨Ö, ±µÉµ·Ò³ ¸µµÉ¢¥É-
¸É¢µ¢ ²¨ Ê¸·¥¤´¥´´Ò¥ ¶µ ¤¢Ê³ ·¥ ±Í¨Ö³ §´ Î¥´¨Ö E∗ = 2,47(7), 4,85(7)
¨ 6,22(7) ŒÔ‚ ¸ Ï¨·¨´ ³¨ Γ = 1, 2(2), < 0, 1 ¨ < 0, 1 ŒÔ‚ ¸µµÉ¢¥É-
¸É¢¥´´µ. �¢Éµ· ³¨ ´¥ ¨¸±²ÕÎ ²µ¸Ó, ÎÉµ ¶¨± ¶·¨ E∗ = 2, 47 ŒÔ‚ ³µ£ ¸µ-
¤¥·¦ ÉÓ ´¥¸±µ²Ó±µ ·¥§µ´ ´¸µ¢. Œ¥¦¤Ê É¥³ ¢ µ¡¥¨Ì ·¥ ±Í¨ÖÌ ·¥§µ´ ´¸ ¶·¨
E∗ = 1, 2 ŒÔ‚ ´¥ ´ ¡²Õ¤ ²¸Ö.

‚ ¶µ¸²¥¤ÊÕÐ¨Ì ¤¢ÊÌ Ô±¸¶¥·¨³¥´É Ì ¶µ ¶µ¨¸±Ê ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨°
11Li ¡Ò² ¨¸¶µ²Ó§µ¢ ´ ¢Éµ·¨Î´Ò° ¶ÊÎµ± ¨µ´µ¢ 11Li ¸ Ô´¥·£¨¥° ∼ 70 ŒÔ‚/�,
±µÉµ·Ò° · ¸¸¥¨¢ ²¸Ö ´  ¶·µÉµ´¥ [141, 142]. �Ò²¨ ¨§³¥·¥´Ò ¨´±²Õ§¨¢´Ò¥
¸¶¥±É·Ò ¶·µÉµ´µ¢,   É ±¦¥ ±µ··¥²ÖÍ¨¨ ¶·µ¤Ê±Éµ¢ ¤¨¸¸µÍ¨ Í¨¨ 11Li (µ¤¨´
¶·¨³¥· ¶·¥¤¸É ¢²¥´ ´  ·¨¸. 23, ). ‚ ¸¶¥±É· Ì ¶·µÉµ´µ¢ ¨§ ¶·µÍ¥¸¸µ¢ p(11Li, p),
p(11Li, p 9Li), p(11Li, p 9,8,7Li) ¨ p(11Li, pn 9,8,7Li) ¡Ò²¨ µ¡´ ·Ê¦¥´Ò, ±·µ³¥
µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö, ¥Ð¥ 4 ¸µ¸ÉµÖ´¨Ö ¶·¨ E∗ = (1, 25± 0, 15), (3, 0 ± 0, 2),
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�¨¸. 24. ‘¶¥±É· ´¥¤µ¸É ÕÐ¥° ³ ¸¸Ò ¤²Ö ·¥ ±Í¨¨ 14C(π−, pd)11Li ¶µ¸²¥ ¢ÒÎ¥É  Ëµ´ 
´  ¶·¨³¥¸¨ 12C. Š·¨¢ Ö � Å Ë §µ¢µ¥ ¶·µ¸É· ´¸É¢µ ¤²Ö · §¢ ²  11Li→ 9Li(4, 3)+2n,
±·¨¢ Ö ‚ Å Ë §µ¢µ¥ ¶·µ¸É· ´¸É¢µ ¤²Ö · §¢ ²  11Li→ 9Li(g.s.) + n+ n [143]

(4, 9 ± 0, 25), (6, 4 ± 0, 25) ¨ (∼ 11, 3 ± 0, 35) ŒÔ‚. �  ·¨¸. 23,¡ ¶µ± § ´µ
Ê£²µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥ ¤²Ö Ê¶·Ê£µ£µ ¨ ´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö 11Li + p ¶·¨
68 ŒÔ‚/�; ±·¨¢Ò³¨ ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¤²Ö ¢µ§¡Ê¦¤¥´¨Ö ¸ ¶¥-
·¥¤ ´´Ò³ µ·¡¨É ²Ó´Ò³ Ê£²µ¢Ò³ ³µ³¥´Éµ³ L = 0, 1, 2, 3 [142].

‚µ§¡Ê¦¤¥´´Ò¥ ¸µ¸ÉµÖ´¨Ö 11Li ¨¸¸²¥¤µ¢ ²¨¸Ó É ±¦¥ ¢ ·¥ ±Í¨¨ § Ì¢ É 
¶¨µ´µ¢ 14C(π−, pd)11Li ¶·¨ Ô´¥·£¨¨ 30 ŒÔ‚ [143]. �¥§Ê²ÓÉ É ÔÉµ° · ¡µÉÒ
¶µ± § ´ ´  ·¨¸. 24. �Ò²¨ ¨¤¥´É¨Ë¨Í¨·µ¢ ´Ò Î¥ÉÒ·¥ ¶¨± : µ¸´µ¢´µ¥ ¸µ-
¸ÉµÖ´¨¥ ¨ ¢µ§¡Ê¦¤¥´´Ò¥ ¸µ¸ÉµÖ´¨Ö ¸ E∗ = (1, 02 ± 0, 07), (2, 07 ± 0, 12) ¨
(3, 63± 0, 13) ŒÔ‚.

‚µ§¡Ê¦¤¥´´µ¥ ¸µ¸ÉµÖ´¨¥ ¶·¨ Ô´¥·£¨¨ ∼ 1 ŒÔ‚ ´ ¡²Õ¤ ²µ¸Ó É ±¦¥ ¢
¸¶¥±É·¥ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö 11Li, · ¸¸Î¨É ´´µ£µ ¨§ ¨´¢ ·¨ ´É´µ° ³ ¸¸Ò
¸¨¸É¥³Ò 9Li + n + n ¶·¨ · §¢ ²¥ ¢Éµ·¨Î´µ£µ ¶ÊÎ±  11Li ´  ³¨Ï¥´ÖÌ ¨§
‘ ¨ Pb [144, 146, 110], ¶·¨ Ô´¥·£¨ÖÌ ¶ÊÎ±  11Li, ¸µµÉ¢¥É¸É¢¥´´µ, 28, 42 ¨
280 ŒÔ‚/�. �·¨ Ô´¥·£¨¨ 280 ŒÔ‚/� [110] ´  ³¨Ï¥´¨ ¨§ ¸¢¨´Í  ¶µ²Ê-
Î¥´µ · ¸¶·¥¤¥²¥´¨¥ ¤µ ¡µ²¥¥ ¢Ò¸µ±¨Ì Ô´¥·£¨° ¢µ§¡Ê¦¤¥´¨Ö, ¨ ¢ ´¥³ ´ -
¡²Õ¤ ² ¸Ó ¸É·Ê±ÉÊ· , ±µÉµ·ÊÕ ³µ¦´µ ¨´É¥·¶·¥É¨·µ¢ ÉÓ ± ± E1-¢µ§¡Ê¦¤¥´¨¥
¸ ¤¢Ê³Ö ±µ³¶µ´¥´É ³¨, µ¤´  ¸ Ô´¥·£¨¥° 1,0(1) ŒÔ‚ ¨ ¢Éµ· Ö c 2,4(2) ŒÔ‚.
QRPA-· ¸Î¥ÉÒ [110] ¶·¥¤¸± §Ò¢ ÕÉ ¸É·Ê±ÉÊ·Ò ¶·¨ 1,4 ¨ 2,3 ŒÔ‚. �´¨ ¸µ£² -
¸ÊÕÉ¸Ö ¸ · ¸Î¥Éµ³ [134], £¤¥ ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¤¢¥ ±µ³¶µ´¥´ÉÒ ¢ ¢¥·µÖÉ´µ¸É¨
¤¨¶µ²Ó´µ£µ ¢µ§¡Ê¦¤¥´¨Ö (dipole strength): 0,7 ¨ 2,7 ŒÔ‚. �·¥¤¶µ² £ ¥É¸Ö,
ÎÉµ ¶¥·¢ Ö ±µ³¶µ´¥´É  ¸µµÉ¢¥É¸É¢µ¢ ²  ¤¢¨¦¥´¨Õ ´¥°É·µ´µ¢ £ ²µ µÉ´µ¸¨-
É¥²Ó´µ ±µ· ,   ¢Éµ· Ö Å ¢µ§¡Ê¦¤¥´¨Õ ¶¥·¢µ£µ Ê·µ¢´Ö (2,69 ŒÔ‚) ¸ ³µ£µ
Ö¤· -±µ·  9Li.
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�¨¸. 25. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¤²Ö ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° Ö¤·  11Li
[33, 110, 129, 140, 141, 143, 144, 146]. �µ± § ´Ò ¶µ·µ£¨ · ¸¶ ¤  11Li ´  ¨§µÉµ¶Ò Li
¶²Õ¸ x ´¥°É·µ´µ¢ (¶Ê´±É¨·). ‚¸É ¢±  Å ¸Ì¥³  Ê·µ¢´¥° Ö¤·  9Li [168]

�  ·¨¸. 25 ¶·¨¢¥¤¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´µ ¨§³¥·¥´´Ò¥ Ê·µ¢´¨ Ö¤·  11Li.
‡´ Î¨É¥²Ó´Ò° ¨´É¥·¥¸ ¶·¥¤¸É ¢²ÖÕÉ ¨Ì Ì · ±É¥·¨¸É¨±¨. ‘¥Î¥´¨¥ µ¡· §µ¢ -
´¨Ö 11Li ¢ µ¸´µ¢´µ³ ¸µ¸ÉµÖ´¨¨ µ± § ²µ¸Ó ´¨¦¥ µ¦¨¤ ¥³µ£µ ¶µ ¸¨¸É¥³ É¨±¥,
ÎÉµ µ¡ÑÖ¸´Ö¥É¸Ö ´ ²¨Î¨¥³ ¢ Ö¤·¥ ¶·µÉÖ¦¥´´µ£µ · ¸¶·¥¤¥²¥´¨Ö ´¥°É·µ´´µ°
¶²µÉ´µ¸É¨. �  µ¸´µ¢ ´¨¨ Ê£²µ¢µ£µ · ¸¶·¥¤¥²¥´¨Ö ¸µ¸ÉµÖ´¨Õ ¸ E∗ ∼ 1, 2 ŒÔ‚
¶·¨¶¨¸ ´Ò ¸¶¨´ ¨ Î¥É´µ¸ÉÓ Jπ = 1/2+, 3/2+ ¨²¨ 5/2+. �µ¸±µ²Ó±Ê µ´µ ³µ-
¦¥É § ¸¥²ÖÉÓ¸Ö ¶·¨ ¢µ§¡Ê¦¤¥´¨¨ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¶ÊÉ¥³ E1-¶¥·¥Ìµ¤ ,
Éµ ÔÉµ ¸µ¸ÉµÖ´¨¥ · ¸¸³ É·¨¢ ²µ¸Ó ± ± ¢µ§³µ¦´µ¥ ¶·µÖ¢²¥´¨¥ ³Ö£±µ£µ ¤¨-
¶µ²Ó´µ£µ ·¥§µ´ ´¸  [33, 129]. �Éµ ¶·¥¤¶µ²µ¦¥´¨¥ ¶µ¤É¢¥·¦¤ ¥É¸Ö É ±¦¥ ·¥-
§Ê²ÓÉ Éµ³ ¨§³¥·¥´¨Ö Ê£²µ¢µ£µ · ¸¶·¥¤¥²¥´¨Ö (·¨¸. 23,¡) ¢ · ¡µÉ¥ [142]. Š ±
¢¨¤´µ ¨§ ·¨¸Ê´± , ´¥Ê¶·Ê£µ¥ · ¸¸¥Ö´¨¥ Ìµ·µÏµ µ¶¨¸Ò¢ ¥É¸Ö, ±µ£¤  ¶¥·¥¤ ´-
´Ò° µ·¡¨É ²Ó´Ò° Ê£²µ¢µ° ³µ³¥´É L = 1. ‚ ¶·¨´Í¨¶¥, É·¨ · §´ÒÌ ¸µ¸Éµ-
Ö´¨Ö ¸ Jπ = 1/2+, 3/2+ ¨²¨ 5/2+ ³µ£²¨ ¡Ò ¢µ§¡Ê¤¨ÉÓ¸Ö ¶·¨ L = 1. �É¨
§´ Î¥´¨Ö ¸¶¨´  Ê·µ¢´Ö ¸ Ô´¥·£¨¥° ∼ 1 ŒÔ‚ ´ Ìµ¤ÖÉ¸Ö ¢ ¸µ£² ¸¨¨ ¨ ¸ ¢Ò¢µ-
¤ ³¨ · ¡µÉÒ [110], ¢ ±µÉµ·µ° É ±¦¥ ¡Ò²µ ¶µ± § ´µ, ÎÉµ ¥£µ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ
¶·¨ E1-¢µ§¡Ê¦¤¥´¨¨. �¤´ ±µ ¢µ§³µ¦´µ ¨ ¤·Ê£µ¥ µ¡ÑÖ¸´¥´¨¥: ¢ · ¡µÉ¥ [121]
¶·¥¤¸± §Ò¢ ²µ¸Ó ¸µ¸ÉµÖ´¨¥ ¸ Jπ = 3/2− (É.¥. ¸ É ±¨³ ¦¥ Jπ, ± ± ¨ µ¸´µ¢-
´µ¥ ¸µcÉµÖ´¨¥). ’ ± ± ± ´¥ ¸Ê³¥²¨ µ¶¨¸ ÉÓ ¸¥Î¥´¨¥ ¨ Ê£²µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥
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³¥Éµ¤µ³, Ê¸¶¥Ï´µ ¨¸¶µ²Ó§µ¢ ´´Ò³ ¤²Ö µ¶¨¸ ´¨Ö ¤·Ê£¨Ì Ö¤¥·, ¢ [138] ¨´É¥·-
¶·¥É Í¨Ö ÔÉµ£µ ¶¨±  ± ± ¢µ§¡Ê¦¤¥´´µ£µ ¸µ¸ÉµÖ´¨Ö ¢µµ¡Ð¥ ¡Ò²  ¶µ¸É ¢²¥´ 
¶µ¤ ¸µ³´¥´¨¥. �¤´ ±µ ¢ ¶µ¸²¥¤ÊÕÐ¥° · ¡µÉ¥ [143] ´ ¡²Õ¤¥´¨¥ ¸µ¸ÉµÖ´¨Ö ¸
Ô´¥·£¨¥° 1,02(7) ŒÔ‚, ¸±µ·¥¥, ¶µ¤É¢¥·¤¨²µ ·¥§Ê²ÓÉ É · ¡µÉ [33, 129, 141, 142].

�¥¸±µ²Ó±µ ¤·Ê£ Ö ¨´É¥·¶·¥É Í¨Ö ¸µ¸ÉµÖ´¨Ö ¶·¨ ∼ 1 ŒÔ‚ ¸¤¥² ´  ¢
[144, 147, 148]. ‚ ÔÉµ³ ±¨´¥³ É¨Î¥¸±¨ ¶µ²´µ³ Ô±¸¶¥·¨³¥´É¥ (¨§³¥·Ö²¨¸Ó
Ô´¥·£¨¨ ¨ Ê£²Ò ´¥°É·µ´µ¢ ¨ 9Li) µ¶·¥¤¥²Ö²¸Ö ¸¶¥±É· Ô´¥·£¨¨ · ¸¶ ¤ 
11Li→ 9Li + n + n. ‘¨²µ¢ Ö ËÊ´±Í¨Ö dB(E1)/dE · ¸¸Î¨ÉÒ¢ ² ¸Ó c ÊÎ¥-
Éµ³ ËÊ´±Í¨¨ µÉ±²¨±  ¤¥É¥±Éµ·µ¢ ¨ ¸¶¥±É·  ¢¨·ÉÊ ²Ó´ÒÌ ËµÉµ´µ¢. �±¸¶¥-
·¨³¥´É ²Ó´Ò° ¸¶¥±É· ¨³¥² Ëµ·³Ê, ±µÉµ·ÊÕ ³µ¦´µ ¡Ò²µ µ¶¨¸ ÉÓ Ëµ·³Ê²µ°
�·¥°É  Å ‚¨£´¥· , ÎÉµ ¶·¨¢¥²µ ± §´ Î¥´¨Ö³ E∗ ∼= 1, 0 ŒÔ‚ ¨ Γ = 0, 8 ŒÔ‚,
±µÉµ·Ò¥ ³µ¦´µ ¡Ò²µ µ¦¨¤ ÉÓ ¤²Ö · ¸¶ ¤  ·¥§µ´ ´¸ . �¤´ ±µ · ¸¸Î¨É ´´Ò¥
¢·¥³¥´ , ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ÔÉ¨³ Ô´¥·£¨Ö³ ¢ ¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ ·¥§µ´ ´¸ ¸µ-
µÉ¢¥É¸É¢Ê¥É ³Ö£±µ³Ê ¤¨¶µ²Ó´µ³Ê ·¥§µ´ ´¸Ê, ¶µ²ÊÎ¨²¨¸Ó ¸²¥¤ÊÕÐ¨³¨: ¶¥·¨µ¤
µ¸Í¨²²ÖÍ¨¨ ±µ·  (9Li) µÉ´µ¸¨É¥²Ó´µ ¤¢ÊÌ ´¥°É·µ´µ¢ £ ²µ T ∼= 1250 Ë³/¸,
  ¢·¥³Ö ¦¨§´¨ τ = 250 Ë³/¸. �Éµ ¢·¥³Ö µ± § ²µ¸Ó ¸²¨Ï±µ³ ±µ·µÉ±¨³
(¢ ∼ 5 · § ³¥´ÓÏ¥ ¢·¥³¥´¨ µ¤´µ° µ¸Í¨²²ÖÍ¨¨) ¤²Ö Éµ£µ, ÎÉµ¡Ò ¶·µÍ¥¸¸
· ¸¶ ¤  ³µ£ ¨¤É¨ Î¥·¥§ ·¥§µ´ ´¸´µ¥ ¸µ¸ÉµÖ´¨¥ É¨¶  ³Ö£±µ£µ ¤¨¶µ²Ó´µ£µ ·¥-
§µ´ ´¸ . Š É ±µ³Ê ¢Ò¢µ¤Ê  ¢Éµ·Ò ¶·¨Ï²¨ É ±¦¥ ´  µ¸´µ¢ ´¨¨ · §´¨ÍÒ ¸±µ·µ-
¸É¥° ´¥°É·µ´µ¢ ¨ ±µ· : 9Li Ê¸±µ·Ö¥É¸Ö ¢ ¶µ²¥ Ö¤·  ³¨Ï¥´¨, É.¥. ¶·µ¨¸Ìµ¤¨É
®¶·Ö³µ°¯ · §¢ ² 11Li ¢¡²¨§¨ ³¨Ï¥´¨ §  ¥Ð¥ ³¥´ÓÏ¥¥ ¢·¥³Ö τ ∼ 60 Ë³/¸,
±µ£¤  ¸¨¸É¥³  ¥Ð¥ ´¥ ¤µÏ²  ¤µ ·¥§µ´ ´¸´µ£µ ¸µ¸ÉµÖ´¨Ö.

“·µ¢¥´Ó ¸ E∗ = 3, 0 ŒÔ‚ ³µ¦¥É ¸µµÉ¢¥É¸É¢µ¢ ÉÓ ¸²ÊÎ Õ, ±µ£¤  ±µ· 9Li
´ Ìµ¤¨É¸Ö ¢ ¶¥·¢µ³ ¢µ§¡Ê¦¤¥´´µ³ ¸µ¸ÉµÖ´¨¨ (E∗ = 2, 69 ŒÔ‚, Jπ = (1/2−)).
’µ£¤  ¤²Ö Ê·µ¢´Ö ¢ 11Li É ±¦¥ ¨³¥¥É¸Ö Jπ = (1/2−). �Ê¦´µ µÉ³¥É¨ÉÓ, ÎÉµ
ÔÉµÉ Ê·µ¢¥´Ó ¶·¥¤¸± §Ò¢ ²¸Ö ¢ · ¡µÉ¥ [123]. �´¥·£¨Ö ¸²¥¤ÊÕÐ¥£µ Ê·µ¢´Ö
(4,9 ŒÔ‚) ¶·¨³¥·´µ · ¢´  ¸Ê³³¥ Ô´¥·£¨° ¶¥·¢ÒÌ ¤¢ÊÌ Ê·µ¢´¥°, ¶µÔÉµ³Ê
³µ¦´µ ¶µ²µ¦¨ÉÓ, ÎÉµ ¸µ¸ÉµÖ´¨¥ 4,9 ŒÔ‚ Ö¢²Ö¥É¸Ö ¢µ§¡Ê¦¤¥´´Ò³ ±µ·µ³ ¸
¢µ§¡Ê¦¤¥´¨¥³ ¢ ²¥´É´ÒÌ ´¥°É·µ´µ¢. —¥É¢¥·ÉÒ° Ê·µ¢¥´Ó ¡²¨§µ± ¶µ §´ Î¥´¨Õ
± ¸µ¸ÉµÖ´¨Õ 9Li ¶·¨ 6,43 ŒÔ‚, ´ Ìµ¤ÖÐ¥£µ¸Ö ¢¡²¨§¨ ¶µ·µ£  ¥£µ · §¢ ²  ´ 
7Li+n+n. �·¨ ¤µ¡ ¢²¥´¨¨ ¤¢ÊÌ ´¥°É·µ´µ¢ ¢ 11Li ³µ¦¥É ¨³¥ÉÓ ³¥¸Éµ ¸É·Ê±-
ÉÊ·  É¨¶  ®7Li-±µ· + 4n-£ ²µ¯, É¥³ ¡µ²¥¥ ÎÉµ Ô´¥·£¨Ö Ê·µ¢´Ö ¢ Ö¤·¥ 11Li
¡²¨§±  ± ¶µ·µ£Ê ¨¸¶Ê¸± ´¨Ö Î¥ÉÒ·¥Ì ´¥°É·µ´µ¢ [141, 142].

Š ± Ê¦¥ µÉ³¥Î ²µ¸Ó ¢ ´ Î ²¥ ÔÉµ£µ · §¤¥² , ¢ ¦´µ ¶µ´ÖÉÓ, ´ ¸±µ²Ó±µ
¸¨²Ó´  ±µ··¥²ÖÍ¨Ö ³¥¦¤Ê ¤¢Ê³Ö ´¥°É·µ´ ³¨ £ ²µ ¢ Ö¤·¥ 11Li. �É¢¥É ´ 
¢µ¶·µ¸ µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ¤¨´¥°É·µ´  ¢ 11Li ³µ¦´µ ´ °É¨ ³¥Éµ¤µ³  ´ ²¨§ 
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ ¸¶¥±É·Ê Ô´¥·£¨° ¢µ§¡Ê¦¤¥´¨Ö ¨²¨ ¸ ¶µ³µÐÓÕ
¨§³¥·¥´¨Ö Ì · ±É¥·¨¸É¨± Î ¸É¨Í, ¨¸¶ÊÐ¥´´ÒÌ ¢ ¶·µÍ¥¸¸¥ · §¢ ² . �¥·¢Ò°
¸¶µ¸µ¡ ¡Ò² ¶·¨³¥´¥´ ¢ · ¡µÉ¥ [143]. �¢Éµ·Ò µ¡· É¨²¨ ¢´¨³ ´¨¥ ´  Ëµ·³Ê
¸¶¥±É·  ¢ µ¡² ¸É¨ ±µ´É¨´ÊÊ³  (¸³. ·¨¸. 24). ‘¶¥±É· Ê¤ ²µ¸Ó µ¶¨¸ ÉÓ, ²¨ÏÓ
¶·¥¤¶µ² £ Ö ¤µ³¨´¨·ÊÕÐ¨° ¤¢ÊÌÉ¥²Ó´Ò° · §¢ ² 11Li ¸ ÊÎ ¸É¨¥³ ¤¨´¥°É·µ´ 
2n ¨ ¢µ§¡Ê¦¤¥´´µ£µ ¸µ¸ÉµÖ´¨Ö 9Li (±·¨¢ Ö A), ¨ ¸ ´¥¡µ²ÓÏ¨³ ¢±² ¤µ³ ¶·µ-
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Í¥¸¸ 11Li→ 9Li(g.s.) + n + n (±·¨¢ Ö B). ‘ ¶µ³µÐÓÕ ¤¢ÊÌÉ¥²Ó´µ£µ · §¢ ² 
11Li→ 9Li(g.s.) + 2n, É ± ¦¥, ± ± ¨ 11Li→ 8He + t, ´¥ ¸³µ£²¨ µ¡ÑÖ¸´¨ÉÓ ÔÉÊ
Î ¸ÉÓ ¸¶¥±É· . ‘¢Ö§Ò¢ Ö ¤¨´¥°É·µ´´Ò° ±² ¸É¥· ¸ ¤¢ÊÌ´¥°É·µ´´Ò³ £ ²µ ¢ 11Li,
 ¢Éµ·Ò [143] ¢Ò¸± § ²¨ ¶·¥¤¶µ²µ¦¥´¨¥ µ ¸¨²Ó´µ° ±µ··¥²ÖÍ¨¨ ¤¢ÊÌ ´¥°É·µ-
´µ¢ £ ²µ. �¤´ ±µ µ´µ ´¥ ¸µ£² ¸Ê¥É¸Ö ¸ ¨´É¥·¶·¥É Í¨Ö³¨ ¤ ´´ÒÌ, ¶µ²ÊÎ¥´´ÒÌ
¢ [110, 144, 147, 148], ¢ ±µÉµ·ÒÌ ¨§³¥·Ö²¨¸Ó Ê£²Ò · §²¥É  ³¥¦¤Ê ¢ ²¥´É´Ò³¨
´¥°É·µ´ ³¨, ¨³¶Ê²Ó¸´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ´¥°É·µ´µ¢ ¨ 9Li,   É ±¦¥ µÉ´µ¸¨É¥²Ó-
´ Ö Ô´¥·£¨Ö ´¥°É·µ´µ¢ ¶µ¸²¥ Ô²¥±É·µ³ £´¨É´µ£µ ¢µ§¡Ê¦¤¥´¨Ö ´  ¸¢¨´Íµ¢µ°
³¨Ï¥´¨. ‚ · ¡µÉ¥ [147] ¡Ò²µ ¶µ± § ´µ, ÎÉµ · ¸¶·¥¤¥²¥´¨¥ Ê£²  θ ³¥¦¤Ê ¤¢Ê³Ö
´¥°É·µ´ ³¨, ¨¸¶ÊÐ¥´´Ò³¨ ¶·¨ Ô²¥±É·µ³ £´¨É´µ° ¤¨¸¸µÍ¨ Í¨¨ 11Li, ¶· ±É¨-
Î¥¸±¨ ¨§µÉ·µ¶´µ, É.¥. ´¥°É·µ´Ò ¨¸¶Ê¸± ÕÉ¸Ö, ´¥ ±µ··¥²¨·ÊÖ ³¥¦¤Ê ¸µ¡µ°.
ˆ§³¥·¥´´µ¥ · ¸¶·¥¤¥²¥´¨¥ ³µ£²µ ¡ÒÉÓ µ¶¨¸ ´µ ²¨ÏÓ ¢ ¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ
Ô´¥·£¨Ö ¢µ§¡Ê¦¤¥´¨Ö 11Li · ¸¶·¥¤¥²Ö¥É¸Ö ³¥¦¤Ê É·¥³Ö Î ¸É¨Í ³¨ ¢ ¢ÒÌµ¤´µ³
± ´ ²¥. �ÉµÉ ·¥§Ê²ÓÉ É ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ Éµ³, ÎÉµ ¢ 11Li ´¥°É·µ´Ò £ ²µ ´¥
¸ÊÐ¥¸É¢ÊÕÉ ¢ ¢¨¤¥ ¤¨´¥°É·µ´ .

‚µ¶·µ¸Ê o ¸ÊÐ¥¸É¢µ¢ ´¨¨ ¤¨´¥°É·µ´  ¢ 11Li ¶µ¸¢ÖÐ¥´Ò ¨ ´¥±µÉµ·Ò¥
É¥µ·¥É¨Î¥¸±¨¥ · ¸Î¥ÉÒ. � ¶·¨³¥·, ¢ · ¡µÉ¥ [149] ¡Ò²¨ · ¸¸Î¨É ´Ò ¸¥Î¥´¨Ö
·¥ ±Í¨¨ ¨ ¨³¶Ê²Ó¸´ÒÌ · ¸¶·¥¤¥²¥´¨° ´¥°É·µ´µ¢ ¢ ¸µ¢¶ ¤¥´¨¨ ¸ 9Li ¢ ¸²ÊÎ ¥
11Li + 12C→ 9Li + n + n. �± § ²µ¸Ó, ÎÉµ µ´¨ ÎÊ¢¸É¢¨É¥²Ó´Ò ± · ¸¸ÉµÖ´¨Õ
³¥¦¤Ê ¤¢Ê³Ö ¢ ²¥´É´Ò³¨ ´¥°É·µ´ ³¨. ‘· ¢´¥´¨¥ Ô±¸¶¥·¨³¥´É  [109] ¸ · ¸-
Î¥É ³¨, ¶·µ¢¥¤¥´´Ò³¨ ¢ ´¥¸±µ²Ó±¨Ì ¶·¥¤¶µ²µ¦¥´¨ÖÌ µ ¸·¥¤´¥³ · ¸¸ÉµÖ´¨¨
³¥¦¤Ê ´¥°É·µ´ ³¨, ¶µ± § ²µ, ÎÉµ ¢¥·µÖÉ´µ¸ÉÓ ´ Ìµ¦¤¥´¨Ö ÔÉ¨Ì ´¥°É·µ´µ¢
¢¡²¨§¨ ¤·Ê£ ¤·Ê£  µÎ¥´Ó ³ ² . �µ²ÓÏµ¥ · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê ´¥°É·µ´ ³¨, ¶µ-
²ÊÎ¥´´µ¥ ¢ · ¡µÉ¥ [123] ¢ · ³± Ì ³¨±·µ¸±µ¶¨Î¥¸±µ° ³´µ£µ±² ¸É¥·´µ° ³µ-
¤¥²¨, ¶·¨¢¥²µ ± É ±µ³Ê ¦¥ ¢Ò¢µ¤Ê. � ¸Î¥ÉÒ Ô´¥·£¨¨ ¸¢Ö§¨ ¤¢ÊÌ ´¥°É·µ-
´µ¢ ¨ · ¤¨Ê¸  Ö¤·  ¢ · ³± Ì É·¥ÌÎ ¸É¨Î´µ° ³µ¤¥²¨ [119] É ±¦¥ £µ¢µ·ÖÉ ¢
¶µ²Ó§Ê ¸¨£ ·µµ¡· §´µ° Ëµ·³Ò 11Li. ‚ Éµ ¦¥ ¢·¥³Ö, ¢ · ¡µÉ¥ [150] ¶·¨  ´ -
²¨§¥ ¸¥Î¥´¨Ö, ¶µ²ÊÎ¥´´µ£µ ¤²Ö ·¥ ±Í¨¨ ¤¢µ°´µ° ¶¥·¥§ ·Ö¤±¨ 11B(π−, π+)11Li
[33, 129], ¶µ± § ´µ, ÎÉµ ¥£µ ³µ¦´µ ¡Ò²µ ¢µ¸¶·µ¨§¢¥¸É¨ ²¨ÏÓ ¢ ¶·¥¤¶µ²µ-
¦¥´¨¨ ¤¨´¥°É·µ´´µ° ±µ´Ë¨£Ê· Í¨¨ ¢ 11Li. � ¸cÎ¨É ´´Ò° ¸·¥¤´¥±¢ ¤· -
É¨Î´Ò° · ¤¨Ê¸ µ·¡¨É ¢ ²¥´É´ÒÌ ´¥°É·µ´µ¢ ¢ ÔÉµ³ ¸²ÊÎ ¥ µ± § ²¸Ö · ¢´Ò³
R2n = 5, 1+0,6

−0,9 Ë³. �É  ¢¥²¨Î¨´  ¸µµÉ¢¥É¸É¢Ê¥É ¸·¥¤´¥±¢ ¤· É¨Î´µ³Ê · ¤¨Ê¸Ê

· ¸¶·¥¤¥²¥´¨Ö ´¥°É·µ´µ¢ Rnrms = 3, 28±0,24
0,33 Ë³ ¨ ´ Ìµ¤¨É¸Ö ¢ ¸µ£² ¸¨¨ ¸ ¢¥-

²¨Î¨´µ° (3, 21± 0, 17) Ë³, µ¶·¥¤¥²¥´´µ° ¨§ ¸¥Î¥´¨° ¢§ ¨³µ¤¥°¸É¢¨Ö [17, 20].

‡¤¥¸Ó ´Ê¦´µ µÉ³¥É¨ÉÓ ´¥µ¡Ìµ¤¨³µ¸ÉÓ ¶µ²ÊÎ¥´¨Ö ÉµÎ´ÒÌ §´ Î¥´¨° · -
¤¨Ê¸µ¢, ¶µ¸±µ²Ó±Ê · ¤¨Ê¸ Ö¢²Ö¥É¸Ö µ¤´µ° ¨§ ¢¥²¨Î¨´, ´¥µ¡Ìµ¤¨³ÒÌ ¶·¨ ¸µ§¤ -
´¨¨ É¥µ·¥É¨Î¥¸±¨Ì ³µ¤¥²¥° ¤²Ö µ¶¨¸ ´¨Ö Ö¤¥· ¸ £ ²µ, ±µÉµ·Ò¥, ¢ ¸¢µÕ µÎ¥-
·¥¤Ó, ¨¸¶µ²Ó§ÊÕÉ¸Ö ¶·¨ ¨´É¥·¶·¥É Í¨¨ · §²¨Î´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´-
´ÒÌ. Œµ¤¥²Ó´µ-§ ¢¨¸¨³Ò¥ µ¶·¥¤¥²¥´¨Ö · ¤¨Ê¸  µ·¡¨É ¢ ²¥´É´ÒÌ ´¥°É·µ´µ¢
¶·¨¢µ¤ÖÉ ± §´ Î¥´¨Ö³, ¸¨²Ó´µ µÉ²¨Î ÕÐ¨³¸Ö ¤·Ê£ µÉ ¤·Ê£ : ∼ 4, 7 ÷ 12 Ë³
[17, 20, 67, 116, 150Ä156]. ‚ Éµ ¦¥ ¢·¥³Ö µ¶·¥¤¥²¥´µ Ô±¸¶¥·¨³¥´É ²Ó´µ¥ §´ -
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Î¥´¨¥ 4,8 Ä 4,9 Ë³ [33, 157] (¸²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ÔÉµ §´ Î¥´¨¥ ¡²¨§±µ
± §´ Î¥´¨Õ ¤²Ö Ö¤¥· ¢ µ¡² ¸É¨ A = 100). Š·µ³¥ Éµ£µ, ¢ · ¡µÉ Ì [24, 158]
¶·µ¢¥¤¥´ ´µ¢Ò° É¥µ·¥É¨Î¥¸±¨°  ´ ²¨§ ¤ ´´ÒÌ µ ¸¥Î¥´¨¨ ·¥ ±Í¨¨ ¤²Ö µ¶·¥¤¥-
²¥´¨Ö ¸·¥¤´¥±¢ ¤· É¨Î´µ£µ · ¤¨Ê¸  · ¸¶·¥¤¥²¥´¨Ö Ö¤¥·´µ£µ ¢¥Ð¥¸É¢  ¢ 11Li.
‚ ·¥§Ê²ÓÉ É¥ µ¶·¥¤¥²¥´µ §´ Î¥´¨¥ Rmrms = (3, 55± 0, 10) Ë³, ±µÉµ·µ¥ §´ Î¨-
É¥²Ó´µ ¶·¥¢ÒÏ ¥É Rmrms = (3, 10 ± 0, 17) Ë³, ¶µ²ÊÎ¥´´µe ¢ [20]. ˆ§ ÔÉµ£µ
¸²¥¤Ê¥É, ÎÉµ · ¤¨Ê¸ Ö¤·  11Li ¤µ ¸¨Ì ¶µ· µ¤´µ§´ Î´µ ´¥ µ¶·¥¤¥²¥´.

� · §³¥·¥ £ ²µ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¨´Ëµ·³ Í¨Õ ´  µ¸´µ¢¥ ¨³¶Ê²Ó¸´ÒÌ · ¸-
¶·¥¤¥²¥´¨° ¶·µ¤Ê±Éµ¢ (Ö¤· -±µ·  ¨ ´¥°É·µ´µ¢ £ ²µ), µ¡· §µ¢ ¢Ï¨Ì¸Ö ¶·¨ · §-
¢ ²¥ 11Li (¶µ¤·µ¡´Ò° µ¡§µ· ¤ ´´ÒÌ ¶µ ¨³¶Ê²Ó¸´Ò³ · ¸¶·¥¤¥²¥´¨Ö³ ³µ¦´µ
´ °É¨ ¢ [159]). ‚ [19] ¢¶¥·¢Ò¥ ¡Ò²µ ¨§³¥·¥´µ ¨³¶Ê²Ó¸´µ¥ · ¸¶·¥¤¥²¥´¨¥
9Li ¶·¨ Ë· £³¥´É Í¨¨ 11Li. �´µ µ± § ²µ¸Ó ¸µ¸ÉµÖÐ¨³ ¨§ ¤¢ÊÌ ±µ³¶µ´¥´É:
Ï¨·µ±µ°, ¸µµÉ¢¥É¸É¢ÊÕÐ¥° §´ Î¥´¨Ö³ ¤²Ö Ë· £³¥´É Í¨¨ µ¡ÒÎ´ÒÌ Ö¤¥·, ¨ Ê§-
±µ°, ¶µ¤É¢¥·¦¤ ÕÐ¥° ¸ÊÐ¥¸É¢µ¢ ´¨e ¶·µÉÖ¦¥´´µ£µ · ¸¶·¥¤¥²¥´¨Ö ¢ ²¥´É´ÒÌ
´¥°É·µ´µ¢. �É¨ ¶·µÉ¨¢µ·¥Î¨¢Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨ É¥µ·¥É¨Î¥¸±¨¥ ¢Ò¢µ¤Ò
¶µ± §Ò¢ ÕÉ, ÎÉµ ¢µ¶·µ¸ µ ±µ··¥²ÖÍ¨¨ ³¥¦¤Ê ¢ ²¥´É´Ò³¨ ´¥°É·µ´ ³¨ ¢ £ ²µ
¢¸¥ ¥Ð¥ µ¸É ¥É¸Ö µÉ±·ÒÉÒ³.

‘Î¨É ¥É¸Ö, ÎÉµ ¨´Ëµ·³ Í¨Õ µ ¸É·Ê±ÉÊ·¥ £ ²µ, µ¸µ¡¥´´µ µ · ¸¶·¥¤¥²¥´¨ÖÌ
¶·µÉµ´µ¢ ¨ ´¥°É·µ´µ¢, ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¶ÊÉ¥³ ¨§ÊÎ¥´¨Ö Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö
11Li ¶·¨ · §´ÒÌ Ô´¥·£¨ÖÌ ¨ ´  · §´ÒÌ ³¨Ï¥´ÖÌ [26, 141, 160, 161]. ‚ ÔÉ¨Ì
· ¡µÉ Ì ·¥§Ê²ÓÉ ÉÒ ¤²Ö 11Li ¸· ¢´¨¢ ²¨¸Ó ¸ · ¸¶·¥¤¥²¥´¨Ö³¨ ¤²Ö ¤·Ê£¨Ì ¨§µ-
Éµ¶µ¢ ²¨É¨Ö: 6Li, 7Li ¨ 9Li. �·¨ É ±µ³ ¸· ¢´¥´¨¨ [160] µ¡´ ·Ê¦¥´µ, ÎÉµ ¢
Éµ ¢·¥³Ö, ± ± ¤²Ö 6Li, 7Li ¨ 9Li  ¡¸µ²ÕÉ´Ò¥ §´ Î¥´¨Ö ¸¥Î¥´¨Ö ¶· ±É¨Î¥¸±¨
µ¤¨´ ±µ¢Ò, ¤²Ö 11Li ¸¥Î¥´¨¥ · ¸¸¥Ö´¨Ö µ± § ²µ¸Ó §´ Î¨É¥²Ó´µ ³¥´ÓÏ¥. „¨-
Ë· ±Í¨µ´´Ò° ³¨´¨³Ê³ ¢ Ê£²µ¢µ³ · ¸¶·¥¤¥²¥´¨¨ 11Li ¶µ¸É¥¶¥´´µ ¸¤¢¨£ ²¸Ö ±
³¥´ÓÏ¨³ Ê£² ³ ¸ Ê¢¥²¨Î¥´¨¥³ ³ ¸¸µ¢µ£µ Î¨¸²  A ¨§µÉµ¶ , É¥³ ¸ ³Ò³ µÉ· ¦ Ö
Ê¢¥²¨Î¥´¨¥ · ¤¨Ê¸µ¢ Ö¤¥·´µ° ³ É¥·¨¨ ¸ Ê¢¥²¨Î¥´¨¥³ A. „ ´´Ò¥ ÔÉµ£µ Ô±¸-
¶¥·¨³¥´É  ¶·µ ´ ²¨§¨·µ¢ ´Ò ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¡µ·´µ¢¸±µ£µ ¶·¨¡²¨¦¥´¨Ö
¨ µ¶É¨Î¥¸±µ° ³µ¤¥²¨ [162]. ‚ ¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ 11Li ¨³¥¥É ±µ´Ë¨£Ê· -
Í¨Õ Ö¤· -±µ·  ¢ ¢¨¤¥ 9Li ¶²Õ¸ ¤¢  ¸² ¡µ¸¢Ö§ ´´ÒÌ ´¥°É·µ´ , ¡Ò²µ ¶µ± § ´µ,
ÎÉµ ¶µ¢¥¤¥´¨¥ ¸¥Î¥´¨Ö Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ³µ¦´µ µ¡ÑÖ¸´¨ÉÓ · §¢ ²µ³ Ö¤· 
11Li, µÉ ±µÉµ·µ£µ µÉ·Ò¢ ÕÉ¸Ö ´¥°É·µ´Ò £ ²µ. �¥°É·µ´Ò £ ²µ µÉ·Ò¢ ÕÉ¸Ö ¶·¨
¸Éµ²±´µ¢¥´¨¨ ¸ ¶·µÉµ´µ³, ¨ · ¸¸¥Ö´¨¥ µ¡Ê¸² ¢²¨¢ ¥É¸Ö Ö¤·µ³-±µ·µ³,   £ ²µ
¤ ¥É ¢±² ¤ ²¨ÏÓ ¢ ³´¨³ÊÕ Î ¸ÉÓ ¶µÉ¥´Í¨ ² . ‘· ¢´¥´¨¥ Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö
11Li ¸ 7Li ¡Ò²µ ¸¤¥² ´µ ¨ ¢ · ¡µÉ¥ [161]. �± § ²µ¸Ó, ÎÉµ ¶·¨ · ¸¸¥Ö´¨¨
11Li, ¢ µÉ²¨Î¨e µÉ 7Li, ´¥ ´ ¡²Õ¤ ²µ¸Ó ·¥§±µ£µ ¸´¨¦¥´¨Ö µÉ´µÏ¥´¨Ö σ/σR c
Ê¢¥²¨Î¥´¨¥³ Ê£² . ‚ ÔÉµ° · ¡µÉ¥ ¡Ò²  ¸¤¥² ´  ¶µ¶ÒÉ±  µ¶¨¸ ÉÓ Ô±¸¶¥·¨³¥´-
É ²Ó´Ò¥ ¤ ´´Ò¥ ¸ ¶µ³µÐÓÕ Ë¥´µ³¥´µ²µ£¨Î¥¸±µ£µ µ¶É¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ² ,
µ¤´ ±µ ÔÉµ ¶·¨¢¥²µ ± ´¥µ¡Ìµ¤¨³µ¸É¨ ¨¸¶µ²Ó§µ¢ ´¨Ö µÉ´µ¸¨É¥²Ó´µ ¡µ²ÓÏµ£µ
§´ Î¥´¨Ö ¶ · ³¥É·  ¶µ¢¥·Ì´µ¸É´µ° ¤¨ËËÊ§´µ¸É¨ ·¥ ²Ó´µ° Î ¸É¨ ¶µÉ¥´Í¨ ² .
�Éµ ¨´É¥·¶·¥É¨·µ¢ ²µ¸Ó ± ± ´ ²¨Î¨¥ ¶·µÉÖ¦¥´´µ£µ · ¸¶·¥¤¥²¥´¨Ö ¶²µÉ´µ¸É¨
¢ 11Li. �±¸¶¥·¨³¥´É ²Ó´Ò° ·¥§Ê²ÓÉ É ¶µ Ê¶·Ê£µ³Ê · ¸¸¥Ö´¨Õ 11Li ¨ ¥£µ



‘ˆ‹œ���…‰’����ˆ‡�›’�—�›… ˆ‡�’��› 1479

�¨¸. 26. “£²µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥ Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ¢Éµ·¨Î´µ£µ ¶ÊÎ±  11Li ´  ³¨Ï¥´¨
¨§ 28Si [161]. ’µÎ±¨ Å Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥. ‘¶²µÏ´ Ö ¨ ¶Ê´±É¨·´Ò¥ ±·¨-
¢Ò¥ Å · ¸Î¥ÉÒ, ¸¤¥² ´´Ò¥ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶µÉ¥´Í¨ ²  ¤¢µ°´µ° ¸¢¥·É±¨, ¤²Ö ¸²ÊÎ Ö
¸ £ ²µ (NV = 0, 6, NW = 0, 18) ¨ ¡¥§ £ ²µ (NV = 0, 6, NW = 0, 27) ¸µµÉ¢¥É¸É¢¥´´µ.
NV ¨ NW Å ´µ·³¨·µ¢µÎ´Ò¥ ±µÔËË¨Í¨¥´ÉÒ

µ¶¨¸ ´¨¥ ³¥Éµ¤µ³ ¸¢Ö§ ´´ÒÌ ± ´ ²µ¢ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶µÉ¥´Í¨ ²  ¤¢µ°´µ°
¸¢¥·É±¨ ¸ Ô´¥·£¥É¨Î¥¸±µ° ¨ ¶²µÉ´µ¸É´µ° § ¢¨¸¨³µ¸ÉÖ³¨ ÔËË¥±É¨¢´µ£µ ¢§ ¨-
³µ¤¥°¸É¢¨Ö ¨ ·¥ ²¨¸É¨Î¥¸±¨³¨ ¶²µÉ´µ¸ÉÖ³¨ ¶µ± § ´ ´  ·¨¸. 26. Š ± ¢¨¤´µ ¨§
·¨¸Ê´± , ¨¸¶µ²Ó§µ¢ ´¨¥ · §´ÒÌ · ¸¶·¥¤¥²¥´¨° ¶²µÉ´µ¸É¨ ¶·¨¢µ¤¨É ± · §²¨Î-
´Ò³ · ¸Î¥É ³ Å ²ÊÎÏ¥¥ ¸µ£² ¸¨¥ Ô±¸¶¥·¨³¥´É  ¸ · ¸Î¥Éµ³ ¡Ò²µ ¤µ¸É¨£´ÊÉµ
¸ ÊÎ¥Éµ³ ¶²µÉ´µ¸É¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¥° £ ²µ.

‚ · ¡µÉ¥ [26] ¨§ÊÎ ² ¸Ó ·µ²Ó ¢ ²¥´É´ÒÌ ´¥°É·µ´µ¢ ¢ ·Ö¤¥ Ö¤¥·, ¢ Éµ³ Î¨¸-
²¥ ¨ ¢ 11Li, ¶·¨ · ¸¸¥Ö´¨¨ ´  ¶·µÉµ´¥. �µ¶ÒÉ±¨ µ¶¨¸ ´¨Ö ¸¥Î¥´¨° Ê£²µ¢ÒÌ
· ¸¶·¥¤¥²¥´¨° ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ É·¥Ì ¢¨¤µ¢ ¶²µÉ´µ¸É¥° ´Ê±²µ´µ¢ ¶·¨¢¥²¨ ±
¢Ò¢µ¤Ê µ Éµ³, ÎÉµ Ê¶·Ê£µ¥ · ¸¸¥Ö´¨¥ 11Li + p µ¶·¥¤¥²Ö¥É¸Ö ¢ µ¸´µ¢´µ³ · ¸-
¸¥Ö´¨¥³ ¶·µÉµ´  ´  Ö¤·¥-±µ·e 9Li, É.¥. ¶·µÉµ´ ´¥ ÎÊ¢¸É¢Ê¥É ¢ ²¥´É´Ò¥ ´¥°É-
·µ´Ò, ÎÉµ µÉ· ¦ ¥É ´¨§±ÊÕ ¶²µÉ´µ¸ÉÓ £ ²µ. �·µ¢¥¤¥´´Ò°  ´ ²¨§ ¨ ¸· ¢´¥´¨¥
¸ ¤ ´´Ò³¨ ¤²Ö ¨§µÉµ¶µ¢ 6He ¨ 8He (µ± § ²µ¸Ó, ÎÉµ ¢ ´¨Ì ¶·µÉµ´ ÎÊ¢¸É¢Ê¥É
¢ ²¥´É´Ò¥ ´¥°É·µ´Ò) ¶µ± § ²¨, ÎÉµ ¢§ ¨³µ¤¥°¸É¢¨¥ ¶·µÉµ´  ¸ ¢ ²¥´É´Ò³¨
´¥°É·µ´ ³¨ ³µ¦¥É ¸²Ê¦¨ÉÓ ±·¨É¥·¨¥³ · §²¨Î¨Ö ´¥°É·µ´´µ° ®ÏÊ¡Ò¯ ¢ £¥²¨¥-
¢ÒÌ Ö¤· Ì µÉ ´¥°É·µ´´µ£µ £ ²µ ¢ 11Li.

�µ²ÓÏµ° ¨´É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É ¸É·Ê±ÉÊ·  µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö 11Li. ˆ´-
Ëµ·³ Í¨Ö µ¡ ÔÉµ³ ³µ¦¥É ¡ÒÉÓ ¶µ²ÊÎ¥´  ¨§ §´ Î¥´¨Ö µÉ´µ¸¨É¥²Ó´µ£µ ¢±² ¤ 
(s1/2)2 ¨ (p1/2)2 ´¥°É·µ´´ÒÌ ±µ´Ë¨£Ê· Í¨° ¢ ¢µ²´µ¢ÊÕ ËÊ´±Í¨Õ £ ²µ, ÌµÉÖ
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´¥µ¡Ìµ¤¨³µ § ³¥É¨ÉÓ, ÎÉµ ¶µÉ¥´Í¨ ² ¸¨¸É¥³Ò ´¥°É·µ´ Å ±µ· ¢¸¥ ¥Ð¥ µ¤´µ-
§´ Î´µ ´¥ µ¶·¥¤¥²¥´. �µÔÉµ³Ê ¢¸¥ · ¸Î¥ÉÒ, ±µÉµ·Ò¥ ¤µ ¸¨Ì ¶µ· ¡Ò²¨ ¢Ò¶µ²-
´¥´Ò, Ö¢²ÖÕÉ¸Ö ³µ¤¥²Ó´µ-§ ¢¨¸¨³Ò³¨, ¨ ·¥§Ê²ÓÉ ÉÒ ¸¢Ö§ ´Ò ¸ ¶·¥¤¶µ²µ¦¥-
´¨¥³ µ ¢§ ¨³µ¤¥°¸É¢¨¨ 9Li+n. ‡¤¥¸Ó ¶·¥¤¸É ¢¨³ ²¨ÏÓ ´¥¸±µ²Ó±µ ¶·¨³¥·µ¢.
�µ²¥¥ 20 ²¥É ´ § ¤ ¢ · ¡µÉ¥ [102] ¡Ò²µ ¶µ± § ´µ, ÎÉµ ¢·¥³Ö ¦¨§´¨ 11Li Ê± -
§Ò¢ ¥É ´  ´ ²¨Î¨e ²¨ÏÓ ∼ 30 % p-±µ´Ë¨£Ê· Í¨¨. ‚ ¡µ²¥¥ ¶µ§¤´¨Ì · ¸Î¥É Ì
· §²¨Î´ÒÌ  ¢Éµ·µ¢ [24, 109, 114, 115, 119, 121, 154, 158, 163] ¡Ò²µ ¶µ²ÊÎ¥´µ,
ÎÉµ ¨³¥ÕÉ ³¥¸Éµ §´ Î¨É¥²Ó´Ò¥ ¶·¨³¥¸¨ ÔÉ¨Ì ¤¢ÊÌ ±µ´Ë¨£Ê· Í¨°, ¨ ¢¥·µÖÉ-
´µ¸ÉÓ ± ¦¤µ° ³µ¦¥É ¢ ·Ó¨·µ¢ ÉÓ¸Ö µÉ 20 ¤µ 80 %. ˆ´Ëµ·³ Í¨Õ µ ¢µ²´µ¢µ°
ËÊ´±Í¨¨ ¤¢ÊÌ ¢ ²¥´É´ÒÌ ´¥°É·µ´µ¢ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¶µ ¸¢µ°¸É¢ ³ β-· ¸¶ ¤ 
11Li, ¶µ¸±µ²Ó±Ê ¸µµÉ´µÏ¥´¨¥ · §´ÒÌ ±µ´Ë¨£Ê· Í¨° µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¡Ê-
¤¥É ¢²¨ÖÉÓ ´  ¢¥·µÖÉ´µ¸É¨ ¶¥·¥Ìµ¤µ¢ ± Ê·µ¢´Ö³ 11Be. ‚ Î ¸É´µ¸É¨, ¢ [164]
¡Ò²µ ¶µ²ÊÎ¥´µ Ê± § ´¨¥ ´  Éµ, ÎÉµ (p1/2)-±µ³¶µ´¥´É  ¢ ¢µ²´µ¢µ° ËÊ´±Í¨¨
£ ²µ ´¥ µÎ¥´Ó ¡µ²ÓÏ Ö (∼ 25 %), ¢ Éµ ¢·¥³Ö ± ± ¢ [165, 166] ¢±² ¤ ¤¢ÊÌ ±µ³-
¶µ´¥´É µ±µ²µ 50 %. ‚¨¤´µ, ÎÉµ ÉµÎ´ÊÕ ±µ²¨Î¥¸É¢¥´´ÊÕ µÍ¥´±Ê ¢±² ¤µ¢ µÉ
· §´ÒÌ ±µ³¶µ´¥´É ´  µ¸´µ¢¥ ¢¸¥Ì ÔÉ¨Ì ¨¸¸²¥¤µ¢ ´¨° ¸¤¥² ÉÓ ´¥¢µ§³µ¦´µ.

2.3. „ ²Ó´¥°Ï¥¥ ¨§ÊÎ¥´¨¥ 10Li ¨ 11Li. �µ²¥¥ ÉÖ¦¥²Ò¥ ¨§µÉµ¶Ò ²¨É¨Ö.
‚ ¸¢Ö§¨ ¸ Î·¥§¢ÒÎ °´µ° ¢ ¦´µ¸ÉÓÕ Ö¤·  10Li ¢ ¶µ´¨³ ´¨¨ Ô±§µÉ¨Î´µ¸É¨ ²¥£-
±¨Ì Ö¤¥·, ± ± ´ ³ ± ¦¥É¸Ö, Ô±¸¶¥·¨³¥´ÉÒ ¶µ ¨§ÊÎ¥´¨Õ ¥£µ ¸É·Ê±ÉÊ·Ò É·¥¡ÊÕÉ
¸¢µ¥£µ ¶·µ¤µ²¦¥´¨Ö, ¢ Éµ³ Î¨¸²¥ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶ÊÎ±µ¢ · ¤¨µ ±É¨¢´ÒÌ

’ ¡²¨Í  8. �¥±µÉµ·Ò¥ ·¥ ±Í¨¨ ¶¥·¥¤ Î¨ ¤²Ö ¨§ÊÎ¥´¨Ö ¨§µÉµ¶µ¢ ²¨É¨Ö

Ÿ¤·µ �¥ ±Í¨Ö Q-·¥ ±Í¨Ö, ŒÔ‚
[56, 167]

10Li 9Be(18O, 17F)10Li −24,8
9Be(15N, 14O)10Li −30,0
10Be(14N, 14O)10Li −26,0
13C(11B, 14O)10Li −29,6

9Li(d, p)10Li −2,6

11Li 7Li(18O, 14O)11Li −34,7
10Be(18O, 17F)11Li −30,9

12Li 10Be(15N, 13O)12Li −60,5
11B(18O, 17Ne)12Li −58,7
14C(11B, 13O)12Li −61,5
14C(7Li, 9C)12Li −61,1

11Li(d, p)12Li −3,5

13Li 11Li(t, p)13Li −9,7
14Be(t, 4He)13Li −5,8
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Ö¤¥· ¨ ³¨Ï¥´¨ 10Be. Š ± ¢¨¤´µ ¨§ ¨§²µ¦¥´´µ£µ, µ¸É ²¨¸Ó É ±¦¥ ³´µ£¨¥ µÉ-
±·ÒÉÒ¥ ¢µ¶·µ¸Ò µÉ´µ¸¨É¥²Ó´µ ¸É·Ê±ÉÊ·Ò 11Li. ‚³¥¸É¥ ¸ É¥³ ¨§µÉµ¶Ò ²¨É¨Ö
¸ A > 11 ´¥ ´ ¡²Õ¤ ²¨¸Ó ´¨ ¢ µ¤´µ³ Ô±¸¶¥·¨³¥´É¥. �±¸É· ¶µ²ÖÍ¨¨ ¶µ± §Ò-
¢ ÕÉ, ÎÉµ 12Li ¨ 13Li ´¥¸É ¡¨²Ó´Ò ´  1Ä2 ŒÔ‚ ¶µ µÉ´µÏ¥´¨Õ ± ¨¸¶Ê¸± ´¨Õ,
¸µµÉ¢¥É¸É¢¥´´µ, µ¤´µ£µ ¨ ¤¢ÊÌ ´¥°É·µ´µ¢ (¸³. ·¨¸. 15 ¨ [167]). �¤´ ±µ ¨Ì ¨§Ê-
Î¥´¨¥ Éµ¦¥ ¤µ²¦´µ Ö¢¨ÉÓ¸Ö § ¤ Î¥° ¶µ¸²¥¤ÊÕÐ¨Ì Ô±¸¶¥·¨³¥´Éµ¢. ‚ É ¡². 8
¶·¨¢¥¤¥´Ò ´¥¸±µ²Ó±µ ·¥ ±Í¨°, ±µÉµ·Ò¥, ´  ´ Ï ¢§£²Ö¤, ³µ£ÊÉ ¡ÒÉÓ ¨¸¶µ²Ó§µ-
¢ ´Ò ¤²Ö ¨§ÊÎ¥´¨Ö ¨§µÉµ¶µ¢ ²¨É¨Ö. Š ¦¥É¸Ö, ÎÉµ µ¸µ¡¥´´µ ¶¥·¸¶¥±É¨¢´Ò³¨
¤²Ö ¨§ÊÎ¥´¨Ö ¸É·Ê±ÉÊ·Ò ÉÖ¦¥²ÒÌ ¨§µÉµ¶µ¢ Li ³µ£ÊÉ Ö¢¨ÉÓ¸Ö ·¥ ±Í¨¨ ´  p-, d-
¨ t-³¨Ï¥´ÖÌ ¢ µ¡· É´µ° ±¨´¥³ É¨±¥.

3. ˆ‡�’��› �…�ˆ‹‹ˆŸ

‚ ÔÉµ³ · §¤¥²¥ ¶·¥¤¸É ¢²¥´  ¨´Ëµ·³ Í¨Ö µ¡ ¨§µÉµ¶ Ì ¡¥·¨²²¨Ö ¸ ³ ¸-
¸µ¢Ò³¨ Î¨¸² ³¨ A = 11 − 14. ‚¸¥ ÔÉ¨ Ö¤·  ¶·¥¤¸É ¢²ÖÕÉ ¡µ²ÓÏµ° ¨´É¥·¥¸
¸ ÉµÎ±¨ §·¥´¨Ö ¨Ì ¸¢µ°¸É¢. „²Ö 11Be µ¡´ ·Ê¦¥´µ ´¥¸É ´¤ ·É´µ¥ § ¶µ²´¥-
´¨¥ Ê·µ¢´¥°,   ¨³¥´´µ ¨´¢¥·¸¨Ö 2s1/2- ¨ 1p1/2-µ¡µ²µÎ¥±: ¤²Ö µ¸´µ¢´µ£µ
¸µ¸ÉµÖ´¨Ö 11Be Jπ = 1/2+. ˆ§ÊÎ¥´¨¥ ¸É·Ê±ÉÊ·Ò ¡µ²¥¥ ÉÖ¦¥²ÒÌ ¨§µÉµ¶µ¢
13Be ¨ 14Be, ¢µ§³µ¦´µ, ¶µ³µ¦¥É ¶·µÖ¸´¨ÉÓ ¸¨ÉÊ Í¨Õ ¸ ´ ·ÊÏ¥´¨¥³ ¸É ´-
¤ ·É´µ£µ § ¶µ²´¥´¨Ö µ¡µ²µÎ¥± ¢ ÔÉµ° µ¡² ¸É¨. ˆ§¢¥¸É´µ, ÎÉµ Ö¤·µ 8Be ´¥-
¸É ¡¨²Ó´µ ¨ ¸¶µ´É ´´µ · ¸¶ ¤ ¥É¸Ö ´  ¤¢¥ α-Î ¸É¨ÍÒ ¸ Ô´¥·£¨¥° · ¸¶ ¤ 
S2α = −92 ±Ô‚. �¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ 8Be ¨³¥¥É α−α-±² ¸É¥·´ÊÕ ¸É·Ê±ÉÊ·Ê.
ˆ´É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É ¢µ¶·µ¸ o Éµ³, ¸µÌ· ´Ö¥É¸Ö ²¨ α-±² ¸É¥·´ Ö ¸É·Ê±ÉÊ· 
¸ ·µ¸Éµ³ ³ ¸¸µ¢µ£µ Î¨¸²  ¨§µÉµ¶µ¢ Be, É.¥. ¸ ¤µ¡ ¢²¥´¨¥³ ´¥°É·µ´µ¢ ± Ö¤·Ê-
±µ·Ê 8Be. ”µ·³¨·µ¢ ´¨¥ ¨²¨ ´¥¸µÌ· ´¥´¨¥ ±² ¸É¥·µ¢ µÎ¥´Ó ¢ ¦´µ ¸ ÉµÎ±¨
§·¥´¨Ö ¸É·Ê±ÉÊ·Ò Ö¤¥·,   É ±¦¥ ¤²Ö ·¥Ï¥´¨Ö ¶·µ¡²¥³, ¸¢Ö§ ´´ÒÌ ¸ Ö¤·µ-
Ö¤¥·´Ò³¨ ¸Éµ²±´µ¢¥´¨Ö³¨. ‘ ÔÉµ° ÉµÎ±¨ §·¥´¨Ö ¨´É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É Ô±¸-
¶¥·¨³¥´É ²Ó´µ¥ ¨§ÊÎ¥´¨¥ Ê·µ¢´¥° Ö¤¥· 11−14Be, µ¸µ¡¥´´µ ¶µ¨¸±¨ Ê·µ¢´¥° ¢
µ¡² ¸É¨ ¶µ·µ£µ¢ ¨¸¶Ê¸± ´¨Ö α-Î ¸É¨Í. �±¸¶¥·¨³¥´É ²Ó´µ ¨§³¥·¥´µ ¶µ¢ÒÏ¥-
´¨¥ ¸¥Î¥´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö ¤²Ö Ö¤¥· 11Be ¨ 14Be, ´  µ¸´µ¢¥ Î¥£µ ¶µ²ÊÎ¥´
¶µ¢ÒÏ¥´´Ò° ¸·¥¤´¥±¢ ¤· É¨Î´Ò° · ¤¨Ê¸ ÔÉ¨Ì Ö¤¥·. �Éµ, ¢³¥¸É¥ ¸ Ê§±¨³
¨³¶Ê²Ó¸´Ò³ · ¸¶·¥¤¥²¥´¨¥³ Ë· £³¥´Éµ¢ · §¢ ² , ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ ¸ÊÐ¥-
¸É¢µ¢ ´¨¨ ¢ ÔÉ¨Ì Ö¤· Ì ´¥°É·µ´´µ£µ £ ²µ. �·¨ ÔÉµ³ 11Be Ö¢²Ö¥É¸Ö ´ ¨¡µ²¥¥
¶·µ¸ÉÒ³ ¶·¨³¥·µ³ µ¤´µ´¥°É·µ´´µ£µ £ ²µ, ¨ µ´µ ´ ¨¡µ²¥¥ ¶µ¤·µ¡´µ ¨§ÊÎ¥´µ.
�¥¸É ¡¨²Ó´µ¸ÉÓ 13Be ¨ ¸É ¡¨²Ó´µ¸ÉÓ 14Be ¶·¨Î¨¸²ÖÕÉ 14Be ± £·Ê¶¶¥ ¡µ··µ-
³¨´µ¢¸±¨Ì Ö¤¥·. ‹Õ¡µ° · ¸Î¥É ¸É·Ê±ÉÊ·Ò Ö¤·  14Be É·¥¡Ê¥É ÉµÎ´µ£µ §´ ´¨Ö
¸É·Ê±ÉÊ·Ò Ö¤·  13Be. �µ¤·µ¡´¥¥ ÔÉ¨ ¢µ¶·µ¸Ò µ¡¸Ê¦¤ ÕÉ¸Ö ´¨¦¥.

3.1. Ÿ¤·µ 11Be µ¡² ¤ ¥É ¸· §Ê ´¥¸±µ²Ó±¨³¨ ´¥µ¡ÒÎ´Ò³¨ Ì · ±É¥·¨¸É¨-
± ³¨.

�¥·¢Ò¥ ¤¢  Ê·µ¢´Ö 11Be (µ¸´µ¢´µ¥ ¨ ¶¥·¢µ¥ ¢µ§¡Ê¦¤¥´´µ¥ ¸µ¸ÉµÖ´¨Ö)
¸É ¡¨²Ó´Ò ¶µ µÉ´µÏ¥´¨Õ ± · ¸¶ ¤Ê 11Be→ 10Be + n [168]. �µ¸²¥¤´¨° ´¥°-
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É·µ´ µÉ´µ¸¨É¥²Ó´µ ¸² ¡µ ¸¢Ö§ ´ (´  503 ±Ô‚) ¸ Ö¤·µ³-±µ·µ³ 10Be,   ¶¥·¢Ò°
¢µ§¡Ê¦¤¥´´Ò° Ê·µ¢¥´Ó ´ Ìµ¤¨É¸Ö ¢¸¥£µ ´  180 ±Ô‚ ´¨¦¥ ¶µ·µ£  · §¢ ² .

�¥¤ ¢´µ ¡Ò²µ µ¡´ ·Ê¦¥´µ ¤¢  ´µ¢ÒÌ Ê·µ¢´Ö ¢ 11Be. ‚ ·¥ ±Í¨¨ ¶¥·¥-
§ ·Ö¤±¨ 11B(7Li, 7Be)11Be ¶·¨ 57 ŒÔ‚ ´ ¡²Õ¤ ²¸Ö Ê·µ¢¥´Ó ¸ E∗ = 6 ŒÔ‚
¨ Ï¨·¨´µ° 0,8 ŒÔ‚ [169]. „²Ö ¸É·Ê±ÉÊ·Ò ÔÉµ£µ Ê·µ¢´Ö ¡Ò²  ¶·¥¤²µ¦¥´ 
±µ´Ë¨£Ê· Í¨Ö 10Beg.s. ⊗ d3/2. ‚o ¢Éµ·µ° · ¡µÉ¥ [166] ¨§ÊÎ ²¸Ö β-· ¸¶ ¤
Ö¤·  11Li ¶ÊÉ¥³ ¨§³¥·¥´¨Ö É·µ°´ÒÌ ¸µ¢¶ ¤¥´¨° ³¥¦¤Ê β-²ÊÎ ³¨, ´¥°É·µ´ ³¨
¨ γ-²ÊÎ ³¨. ‚ É ±µ° ¶µ¸É ´µ¢±¥ µ¶ÒÉ  ¡Ò² µ¡´ ·Ê¦¥´ ´µ¢Ò° Ê·µ¢¥´Ó ¶·¨
E∗ = (8, 03± 0, 05) ŒÔ‚, ¤²Ö ±µÉµ·µ£µ ¸¶¨´ ¨ Î¥É´µ¸ÉÓ ³µ£ÊÉ ¶·¨´ÖÉÓ §´ Î¥-
´¨Ö 1/2− ¨²¨ 3/2−.

‚ µÉ²¨Î¨¥ µÉ µ¦¨¤ ¥³µ£µ ¶µ µ¡µ²µÎ¥Î´µ° ³µ¤¥²¨, µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥
11Be ¨³¥¥É ¸¶¨´ ¨ Î¥É´µ¸ÉÓ Jπ = 1/2+ [170]. �Éµ µ§´ Î ¥É, ÎÉµ ¸µ¸ÉµÖ´¨¥
2s1/2 ²¥¦¨É ´¨¦¥ ¸µ¸ÉµÖ´¨Ö 1p1/2. �É  ¶·µ¡²¥³  µ¡¸Ê¦¤ ¥É¸Ö Ê¦¥ ¡µ²¥¥
30 ²¥É [171]. �´  Î ¸Éµ ¨´É¥·¶·¥É¨·µ¢ ² ¸Ó ´  µ¸´µ¢¥ ¶·µÉµ´-´¥°É·µ´´µ£µ
¢§ ¨³µ¤¥°¸É¢¨Ö [171],   É ±¦¥ ¢ ¶·¥¤¶µ²µ¦¥´¨¨ ¡µ²ÓÏµ° ¤¥Ëµ·³ Í¨¨ [172]
¨²¨ ¨¸Î¥§´µ¢¥´¨Ö · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê p- ¨ sd-µ·¡¨É ³¨ [136]. �µ ³´¥´¨Õ  ¢-
Éµ·µ¢ · ¡µÉÒ [77], ÔÉ  ¶µ¸²¥¤´ÖÖ ¶·¨Î¨´  ³µ¦¥É ¡ÒÉÓ ´ ¨¡µ²¥¥ ¢¥·µÖÉ´µ°.
�¤´ ±µ Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ£µ µ¡ÑÖ¸´¥´¨Ö ÔÉµ£µ Ö¢²¥´¨Ö (± Î¥¸É¢¥´´µ£µ ¨ ±µ-
²¨Î¥¸É¢¥´´µ£µ) ¶µ±  ´¥É. �¥·¢Ò° ¢µ§¡Ê¦¤¥´´Ò° Ê·µ¢¥´Ó ²¥¦¨É ¶·¨ Ô´¥·£¨¨
0,320 ŒÔ‚ ¨ ¨³¥¥É Jπ = 1/2− Å ÔÉµ ¥¸ÉÓ 1p1/2-¸µ¸ÉµÖ´¨¥.

‚·¥³Ö ¦¨§´¨ Ê·µ¢´Ö 0,320 ŒÔ‚ ¨§³¥·¥´µ ¢ · ¡µÉ¥ [173]. •µ·µÏµ ¨§-
¢¥¸É´µ, ÎÉµ ¤¨¶µ²Ó´Ò¥ ¶¥·¥Ìµ¤Ò ³¥¦¤Ê ´¨§±µ²¥¦ Ð¨³¨ Ê·µ¢´Ö³¨ ¨¸¶ÒÉÒ¢ -
ÕÉ ¡µ²ÓÏµ° § ¶·¥É. �¤´ ±µ ¡Ò²µ µ¡´ ·Ê¦¥´µ, ÎÉµ ¢¥²¨Î¨´ B(E1) ¤²Ö ¶¥·¥-
Ìµ¤  ³¥¦¤Ê ¤¢Ê³Ö ¸¢Ö§ ´´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨ 11Be §´ Î¨É¥²Ó´ Ö Å 0,36(3) W.u.,
¨ ÎÉµ ÔÉµÉ γ-¶¥·¥Ìµ¤ ¸ ³Ò° ¡Ò¸É·Ò° ¸·¥¤¨ ¨§¢¥¸É´ÒÌ ¶¥·¥Ìµ¤µ¢ ³¥¦¤Ê ¸¢Ö-
§ ´´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨. �¢Éµ·Ò [173] ¶µ² £ ²¨, ÎÉµ ¥¸ÉÓ ¸¢Ö§Ó ³¥¦¤Ê Ô´¥·-
£¨¥° ¸¢Ö§¨ ´¥°É·µ´ , · §³¥·µ³ Ö¤·  ¨ ¢¥·µÖÉ´µ¸ÉÓÕ ¶¥·¥Ìµ¤ . ‘ ÔÉµ° ÉµÎ±¨
§·¥´¨Ö, ³µ¦´µ ¸± § ÉÓ, ÎÉµ ÔÉµ ¡Ò²µ ¶¥·¢µ¥ ¶·µÖ¢²¥´¨¥ ÔËË¥±É , ±µÉµ·Ò°
É¥¶¥·Ó ¶·¨´ÖÉµ ´ §Ò¢ ÉÓ ®´¥°É·µ´´µ¥ £ ²µ¯.

‘¥°Î ¸ ¨§¢¥¸É´µ, ÎÉµ µ¡  ¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨Ö 11Be ¸µµÉ¢¥É¸É¢ÊÕÉ ¸É·Ê±-
ÉÊ·¥ £ ²µ. �Éµ ¤¥³µ´¸É·¨·Ê¥É¸Ö · §´Ò³¨ Ô±¸¶¥·¨³¥´É ³¨,   É ±¦¥ · ¸Î¥É ³¨
¢ · ³± Ì · §´ÒÌ É¥µ·¥É¨Î¥¸±¨Ì ¶µ¤Ìµ¤µ¢. � ¶·¨³¥·, ¨§ ¨§³¥·¥´´µ£µ ¶µ²´µ£µ
¸¥Î¥´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ · ¡µÉ¥ [20] ¡Ò²µ ¶µ²ÊÎ¥´µ ¶µ¢ÒÏ¥´´µ¥ §´ Î¥´¨¥
¸·¥¤´¥±¢ ¤· É¨Î´µ£µ · ¤¨Ê¸  Ö¤·  11Be,   ¨³¥´´µ Rmrms = (2, 73± 0, 05) Ë³.
�µ¢Ò° É¥µ·¥É¨Î¥¸±¨°  ´ ²¨§ [24, 158] ¤ ² ¤²Ö ¸·¥¤´¥±¢ ¤· É¨Î´µ£µ · ¤¨Ê¸ 
Ö¤¥·´µ£µ ¢¥Ð¥¸É¢  ¢ 11Be §´ Î¥´¨¥ Rmrms = (2, 90±0, 05) Ë³, ÎÉµ §´ Î¨É¥²Ó´µ
¢ÒÏ¥. ‚ · ¡µÉ¥ [174] ¨§ §´ Î¥´¨Ö σR ¢ ·¥ ±Í¨ÖÌ 11Be + 12C ¨ 11Be + 27Al
¶·¨ Ô´¥·£¨¨ 33 ŒÔ‚/� ¢ÒÎ¨¸²¥´µ · ¸¶·¥¤¥²¥´¨¥ ¶²µÉ´µ¸É¨ ´Ê±²µ´µ¢ ¢ Ö¤·¥
11Be ¨ ¸¤¥² ´ ¢Ò¢µ¤, ÎÉµ ¶µ²´µ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ ¶µ¤ ¤¥°¸É¢¨¥³ 11Be ³µ¦´µ
µ¡ÑÖ¸´¨ÉÓ, ²¨ÏÓ ¶·¥¤¶µ² £ Ö ´ ²¨Î¨¥ ¶·µÉÖ¦¥´´µ£µ ®Ì¢µ¸É ¯ ¢ ÔÉµ³ · ¸¶·¥-
¤¥²¥´¨¨. ˆ§³¥·¥´´Ò¥ ¡µ²ÓÏ¨¥ ¸¥Î¥´¨Ö Ë· £³¥´É Í¨¨ 11Be→ 10Be+n ¶µ± -
§ ²¨, ÎÉµ ¤²¨´´Ò° ®Ì¢µ¸É¯ ¢ · ¸¶·¥¤¥²¥´¨¨ ¶²µÉ´µ¸É¨ µ¡ÑÖ¸´Ö¥É¸Ö ´ ²¨Î¨¥³
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¢ ²¥´É´µ£µ ´¥°É·µ´ . �¥§Ê²ÓÉ É  ´ ²¨§  ¤ ´´ÒÌ É ±¦¥ ¶µ± § ², ÎÉµ ³µ¦´µ
¨¸±²ÕÎ¨ÉÓ ¢¥·µÖÉ´µ¸ÉÓ ¡µ²ÓÏµ° ¤¥Ëµ·³ Í¨¨ ¢ 11Be, ÌµÉÖ ¸Î¨É ¥É¸Ö, ÎÉµ ¤¥-
Ëµ·³ Í¨Ö Ö¢²Ö¥É¸Ö ´¥µ¡Ìµ¤¨³Ò³ Ë ±Éµ·µ³ ¤²Ö ¶µ´¨¦¥´¨Ö Ê·µ¢´Ö 1/2+ ¶µ
¸· ¢´¥´¨Õ ¸ Ê·µ¢´¥³ 1/2−.

�¸É ´µ¢¨³¸Ö ¡µ²¥¥ ¶µ¤·µ¡´µ ´  ´¥±µÉµ·ÒÌ  ¸¶¥±É Ì, ± ¸ ÕÐ¨Ì¸Ö ¸É·Ê±-
ÉÊ·Ò 11Be.

‘É·Ê±ÉÊ·  Ö¤·  11Be ¨¸¸²¥¤µ¢ ² ¸Ó ¢ · ¡µÉ¥ [136], £¤¥ ¨¸¶µ²Ó§µ¢ ²¸Ö
³¥Éµ¤ • ·É·¨ Å ”µ±  ¤²Ö µ¶·¥¤¥²¥´¨Ö ·µ²¨ ¸³¥Ï¨¢ ´¨Ö ±µ´Ë¨£Ê· Í¨° ¨
³ ²µ° Ô´¥·£¨¨ ¸¢Ö§¨ ¢ ²¥´É´µ£µ ´¥°É·µ´ . �Ò² ¸¤¥² ´ ¢Ò¢µ¤ µ Éµ³, ÎÉµ ÔÉ 
Ô´¥·£¨Ö Ö¢²Ö¥É¸Ö µ¶·¥¤¥²ÖÕÐ¨³ Ë ±Éµ·µ³ ¤²Ö Ê¢¥²¨Î¥´¨Ö · §³¥·  Ö¤· .

� §· ¡µÉ ´´ Ö ¤²Ö µ¶¨¸ ´¨Ö ¸É·Ê±ÉÊ·Ò ²¥£±¨Ì ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ Ö¤¥·
¢ ·¨ Í¨µ´´ Ö µ¡µ²µÎ¥Î´ Ö ³µ¤¥²Ó [175,176] ¡Ò²  É ±¦¥ ¶·¨³¥´¥´ , ¢ Î ¸É-
´µ¸É¨, ¨ ¤²Ö 11Be. �µ²ÊÎ¥´µ, ÎÉµ ³¨±·µ¸±µ¶¨Î¥¸± Ö ¢µ²´µ¢ Ö ËÊ´±Í¨Ö ¸µ-
¸Éµ¨É ¢ µ¸´µ¢´µ³ ¨§ 2s1/2-±µ³¶µ´¥´ÉÒ ¸ ´¥±µÉµ·Ò³ ¢±² ¤µ³ µÉ 1d5/2-µ·-
¡¨ÉÒ, ¸¢Ö§ ´´µ° ¸ 2+-¸µ¸ÉµÖ´¨¥³ Ö¤· -±µ·  10Be. �¶·¥¤¥²¥´µ, ÎÉµ µ¸´µ¢´µ¥
¸µ¸ÉµÖ´¨¥ 11Be ¸µ¤¥·¦¨É (µ±µ²µ 40 %) ±µ´Ë¨£Ê· Í¨Õ, ¸¢Ö§ ´´ÊÕ ¸ ¢µ§¡Ê¦¤¥-
´¨¥³ ±µ· . ‚ · ³± Ì ÔÉµ° ³µ¤¥²¨ Ê¤ ²µ¸Ó Ìµ·µÏµ ¢µ¸¶·µ¨§¢¥¸É¨ Jπ = 1/2+

Å µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ ¢ 11Be (¤²Ö ¸· ¢´¥´¨Ö: Ìµ·µÏµ ¢µ¸¶·µ¨§¢¥²¨¸Ó É ±¦¥
Ê·µ¢´¨ ¢ Ö¤·¥ 13C, £¤¥ µÎ¥·¥¤´µ¸ÉÓ Ê·µ¢´¥° 1/2− ¨ 1/2+ µ¡ÒÎ´ Ö),   É ±¦¥
· ¸¶·¥¤¥²¥´¨¥ ¶²µÉ´µ¸É¨ ¨ ¡µ²ÓÏµ° ¸·¥¤´¥±¢ ¤· É¨Î´Ò° · ¤¨Ê¸ · ¸¶·¥¤¥²¥-
´¨Ö ´Ê±²µ´µ¢ ¢ 11Be.

‚ · ¡µÉ¥ [122] ÊÎ¨ÉÒ¢ ² ¸Ó ¤¥Ëµ·³ Í¨Ö Ö¤· -±µ·  10Be, ¨ ¤²Ö ¢µ²´µ¢µ°
ËÊ´±Í¨¨ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö 11Be ¡Ò²µ ¶µ± § ´µ, ÎÉµ µ±µ²µ 80 % ¸µ¸Éµ¨É
¨§ s1/2-´¥°É·µ´ , ¸¢Ö§ ´´µ£µ ¸ 0+-¸µ¸ÉµÖ´¨¥³ ±µ· , ¨ µ±µ²µ 20 % Å ¨§
d5/2-´¥°É·µ´ , ¸¢Ö§ ´´µ£µ ¸ 2+-¸µ¸ÉµÖ´¨¥³ ±µ· . � ¸Î¥É´Ò¥ §´ Î¥´¨Ö ¸·¥¤-
´¥±¢ ¤· É¨Î´µ£µ · ¤¨Ê¸  ¨ B(E1)-· ¸¶·¥¤¥²¥´¨Ö µ± § ²¨¸Ó ¡²¨§±¨³¨ ± Ô±¸-
¶¥·¨³¥´É ²Ó´Ò³ [20, 177].

’µ, ÎÉµ ¢µ§¡Ê¦¤¥´¨¥ ±µ·  (10Be) ¢ ¸µ¸ÉµÖ´¨¥ 2+ ¨ ¡²µ±¨·µ¢ ´¨¥ ÔËË¥±É 
¸¶ ·¨¢ ´¨Ö ¤µ²¦´Ò ÊÎ¨ÉÒ¢ ÉÓ¸Ö ¶·¨ · ¸Î¥É Ì Ê·µ¢´¥° 11Be, ¡Ò²µ ¶µ± § ´µ
¨ ¢ · ¡µÉ¥ [178]. ‡¤¥¸Ó É ±¦¥ ¡Ò² µÉ³¥Î¥´ ¤µ³¨´¨·ÊÕÐ¨° ¢±² ¤ ´¥°É·µ´´µ°
s1/2-µ·¡¨ÉÒ. ‚ ¤·Ê£µ° · ¡µÉ¥ [77] Éµ¦¥ ¶µ¶ÒÉ ²¨¸Ó µ¡ÑÖ¸´¨ÉÓ ¨´¢¥·¸¨Õ Î¥É-
´µ¸É¨ ¢ Ö¤·¥ 11Be. ‚ ¸¢Ö§¨ ¸ É¥³, ÎÉµ ¤²Ö Ô±§µÉ¨Î¥¸±¨Ì Ö¤¥· µÉ´µÏ¥´¨¥ N/Z
´ ³´µ£µ ¢ÒÏ¥, Î¥³ ¤²Ö ¸É ¡¨²Ó´ÒÌ Ö¤¥·, ¢ · ¸Î¥É Ì ¶µ µ¡µ²µÎ¥Î´µ° ³µ¤¥²¨
¡Ò²  ¢¢¥¤¥´  ¨§µ¸¶¨´µ¢ Ö § ¢¨¸¨³µ¸ÉÓ ±¨´¥É¨Î¥¸±¨Ì Ô´¥·£¨°. � ¸Î¥ÉÒ ¶µ± -
§ ²¨, ÎÉµ Ìµ·µÏµ ¢µ¸¶·µ¨§¢µ¤¨É¸Ö §´ Î¥´¨¥ 1/2+ ¤²Ö µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö,
  É ±¦¥ §´ Î¥´¨Ö Ê·µ¢´¥° ¸ ¢µ§¡Ê¦¤¥´¨¥³ ¤µ 2Ä3 ŒÔ‚. ‘ ¶µ³µÐÓÕ ¢¢¥¤¥´¨Ö
¨§µ¸¶¨´µ¢µ° § ¢¨¸¨³µ¸É¨ Ê¤ ²µ¸Ó ¶µ²ÊÎ¨ÉÓ ¸µ£² ¸¨¥ ¨ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³
§´ Î¥´¨¥³ Ê¸¨²¥´¨Ö E1-¶¥·¥Ìµ¤ .

‚ · ¡µÉ¥ [179] ¤²Ö · ¸Î¥É  Ô´¥·£¨° 1p1/2 ¨ 2s1/2 ¡Ò²  ¶·¥¤²µ¦¥´ 
³µ¤¥²Ó, ÊÎ¨ÉÒ¢ ÕÐ Ö ¸¢Ö§Ó µ¤´µÎ ¸É¨Î´ÒÌ Ê·µ¢´¥° ¸ ±µ²²¥±É¨¢´Ò³¨ µ¤´µ-
Ëµ´µ´´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨ Ö¤· -±µ· . Š Î¥¸É¢¥´´Ò° · ¸Î¥É Ô´¥·£¥É¨Î¥¸±µ£µ
¸¶¥±É·  11Be ¶µ± § ², ÎÉµ ¢¢¥¤¥´´Ò¥ ±µ··¥²ÖÍ¨¨ ³µ£ÊÉ µ¡ÑÖ¸´¨ÉÓ ¨´¢¥·-
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¸¨Õ 1/2+- ¨ 1/2−-¸µ¸ÉµÖ´¨°. ‘¶¥±É· ´¨§±µ²¥¦ Ð¨Ì Ê·µ¢´¥°, ¸¶¥±É·µ¸±µ¶¨-
Î¥¸±¨¥ Ë ±Éµ·Ò ¨ ¨´¢¥·¸¨Ö ¸µ¸ÉµÖ´¨° 1/2+ ¨ 1/2− ¡Ò²¨ ¢µ¸¶·µ¨§¢¥¤¥´Ò
¨ ¢ · ¡µÉ¥ [180], £¤¥ ÊÎ¨ÉÒ¢ ²¨¸Ó É ±¨¥ ¦¥ ±µ··¥²ÖÍ¨¨, ´µ ¢ ´¥¸±µ²Ó±µ
¤·Ê£µ³ ¶µ¤Ìµ¤¥.

ˆ´É¥·¥¸´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¢ Ô±¸¶¥·¨³¥´É Ì ¶µ ¨§ÊÎ¥´¨Õ
¨³¶Ê²Ó¸´ÒÌ · ¸¶·¥¤¥²¥´¨° ÉÖ¦¥²ÒÌ Ë· £³¥´Éµ¢ ¨ Î ¸É¨Í (´¥°É·µ´µ¢), µ¡· -
§ÊÕÐ¨Ì¸Ö ¶·¨ · §¢ ²¥ 11Be. „²Ö 11Be ¸¨ÉÊ Í¨Ö ¸¨²Ó´µ µÉ²¨Î ¥É¸Ö µÉ ¸²ÊÎ Ö
¸ Ö¤·µ³ 11Li, ¤²Ö ±µÉµ·µ£µ Ï¨·¨´Ò § ¢¨¸ÖÉ É ±¦¥ µÉ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ±µ-
´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ ¶µ¤¸¨¸É¥³Ò 9Li + n. ‚ ¸²ÊÎ ¥ 11Be ´¥É É·¥ÌÎ ¸É¨Î´ÒÌ
ÔËË¥±Éµ¢, ± ± ¶·¨ 11Li, ¨ ¢ ÔÉµ³ ¸³Ò¸²¥ ¨§µÉµ¶ 11Be Ö¢²Ö¥É¸Ö Ê¤µ¡´Ò³ ¤²Ö
µ¶·¥¤¥²¥´¨Ö ¸¢Ö§¨ ³¥¦¤Ê ¸É·Ê±ÉÊ·µ° Ö¤·  ¨ ³¥Ì ´¨§³µ³ ·¥ ±Í¨¨. �¸É ´µ-
¢¨³¸Ö ±µ·µÉ±µ ²¨ÏÓ ´  ´¥±µÉµ·ÒÌ ¢Ò¢µ¤ Ì.

˜¨·¨´  · ¸¶·¥¤¥²¥´¨Ö ¶·µ¤µ²Ó´µ£µ ¨³¶Ê²Ó¸  Ë· £³¥´Éµ¢ · §¢ ²  11Be,
¶µ²ÊÎ¥´´ Ö ¢ · ¡µÉ¥ [181], ¸µ¸É ¢¨²  σ‖ ∼ 20 ŒÔ‚/¸, ± ± ¨ ¤²Ö Ö¤¥· 11Li
¨ 14Be. �Ò²µ ¶µ± § ´µ, ÎÉµ Ï¨·¨´  ³ ²µ µÉ²¨Î ¥É¸Ö ¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨ ¸
²¥£±¨³¨ ¨ ÉÖ¦¥²Ò³¨ ³¨Ï¥´Ö³¨ (¨¸¶µ²Ó§µ¢ ²¨¸Ó ³¨Ï¥´¨ ¨§ 9Be, 93Nb, 181Ta
¨ 238U), É.¥. ´¥ § ¢¨¸¨É µÉ ³¨Ï¥´¨ ¨²¨, ÎÉµ Éµ ¦¥ ¸ ³µ¥, µÉ ¢§ ¨³µ¤¥°¸É¢¨Ö,
¢Ò§Ò¢ ÕÐ¥£µ · §¢ ² (· §¢ ² ´  ²¥£±¨Ì ³¨Ï¥´ÖÌ µ¶·¥¤¥²Ö¥É¸Ö Ö¤¥·´Ò³, ´ 
ÉÖ¦¥²ÒÌ Å ±Ê²µ´µ¢¸±¨³ ¢§ ¨³µ¤¥°¸É¢¨¥³). �Ò²µ ¶µ± § ´µ É ±¦¥, ÎÉµ ¸·¥¤-
´¥±¢ ¤· É¨Î´Ò° · ¤¨Ê¸ ¤²Ö ´¥°É·µ´  £ ²µ ¢ 11Be · ¢¥´ 6,5 Ë³, ÎÉµ ¸µ£² -
¸Ê¥É¸Ö ¸o §´ Î¥´¨¥³ (6, 4 ± 0, 7) Ë³, ´¥µ¡Ìµ¤¨³Ò³ ¤²Ö µ¡ÑÖ¸´¥´¨Ö ¸¶¥±É· 
±Ê²µ´µ¢¸±µ£µ · §¢ ²  11Be [177] (´ ¶µ³´¨³, ÎÉµ · ¤¨Ê¸ Ö¤· -±µ·  10Be · ¢¥´
(2, 30 ± 0, 02) Ë³). ’ ±¨³ µ¡· §µ³, ¢ [181] ´ °¤¥´µ ¶µ¤É¢¥·¦¤¥´¨¥ ´ ²¨Î¨Ö
¶·µÉÖ¦¥´´µ£µ £ ²µ ¢ Ö¤·¥ 11Be.

� ¸¶·¥¤¥²¥´¨¥ ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸  [116] ¸µ¸ÉµÖ²µ ¨§ ¤¢ÊÌ ±µ³¶µ´¥´É:
Ê§±¨° ¶¨± ¸ Ï¨·¨´µ° σ⊥ = (25 ± 4) ŒÔ‚/¸, · ¸¶µ²µ¦¥´´Ò° ´ ¤ ¡µ²¥¥ Ï¨-
·µ±¨³ · ¸¶·¥¤¥²¥´¨¥³, Ï¨·¨´  ±µÉµ·µ£µ (109± 7) ŒÔ‚/¸. ‘Éµ²Ó ³ ²Ò¥ §´ -
Î¥´¨Ö σ‖ ¨ σ⊥ Ê± §Ò¢ ÕÉ ´  Éµ, ÎÉµ Ê¤ ²¥´´Ò° ¢ ²¥´É´Ò° ´¥°É·µ´ µ¡² ¤ ¥É
³ ²µ° ¨³¶Ê²Ó¸´µ° Ë²Ê±ÉÊ Í¨¥°, ±µÉµ· Ö ¸¢Ö§ ´  ¸ ¶·µÉÖ¦¥´´Ò³ · ¸¶·¥¤¥-
²¥´¨¥³ ¶²µÉ´µ¸É¨ ´Ê±²µ´µ¢. ˆ§³¥·Ö²¨¸Ó É ±¦¥ ¨³¶Ê²Ó¸´Ò¥ · ¸¶·¥¤¥²¥´¨Ö
´¥°É·µ´µ¢. ‘¶µ¸µ¡µ³ ¨§ÊÎ¥´¨Ö ¨³¶Ê²Ó¸´µ£µ · ¸¶·¥¤¥²¥´¨Ö ´¥°É·µ´µ¢ ¨§ ¸µ-
¸ÉµÖ´¨Ö £ ²µ Ö¢²Ö¥É¸Ö ¨§³¥·¥´¨¥ ¸µ¢¶ ¤¥´¨Ö ´¥°É·µ´µ¢ ¸ ¶·µ¤Ê±É ³¨ · §¢ ² 
Ö¤· -±µ· . ’ ± ± ± ÔÉµÉ ´¥°É·µ´ ¨³¥¥É ¶·µÉÖ¦¥´´µ¥ · ¸¶·¥¤¥²¥´¨¥, ¢¥·µÖÉ-
´µ¸ÉÓ Éµ£µ, ÎÉµ µ´ ´¥ ¡Ê¤¥É ÊÎ ¸É¢µ¢ ÉÓ ¢µ ¢§ ¨³µ¤¥°¸É¢¨¨ ±µ·  ¸ ³¨Ï¥´ÓÕ,
¡µ²ÓÏ Ö. ‚ Ô±¸¶¥·¨³¥´É¥ ¶·¨ Ô´¥·£¨¨ 41 ŒÔ‚/� [116, 182] ¡Ò² ¶µ²ÊÎ¥´ ·¥-
§Ê²ÓÉ É ¤²Ö ¢ÒÌµ¤´µ£µ ± ´ ² , ¸µ¸ÉµÖÐ¥£µ ²¨ÏÓ ¨§ ®µ¤´µ£µ ´¥°É·µ´  ¶²Õ¸
¢¸¥, ±·µ³¥ 10Be¯. „²Ö ¤¢ÊÌ ³¨Ï¥´¥°, Be ¨ Ti, Ê£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö µ± § -
²¨¸Ó ¶· ±É¨Î¥¸±¨ ¨¤¥´É¨Î´Ò³¨, ¨ Γ ≈ 60 ŒÔ‚/¸ ¤²Ö Ê§±µ° ±µ³¶µ´¥´ÉÒ, ±µÉµ-
· Ö ¸¢Ö§Ò¢ ¥É¸Ö ¸ ´¥°É·µ´µ³ £ ²µ. ‘Î¨É ¥É¸Ö, ÎÉµ Ï¨·µ± Ö ±µ³¶µ´¥´É  ¸µµÉ-
¢¥É¸É¢Ê¥É ´¥°É·µ´ ³, ¨¸¶ÊÐ¥´´Ò³ ¶·¨ · §¢ ²¥ ±µ· . �·µ¢¥·±µ° ÔÉµ£µ ³µ¦¥É
¸²Ê¦¨ÉÓ Ô±¸¶¥·¨³¥´É ¸ ¶ÊÎ±µ³, Ö¢²ÖÕÐ¨³¸Ö ±µ·µ³ ¤²Ö ¤ ´´µ£µ Ö¤· . �±¸-
¶¥·¨³¥´ÉÒ ¸ 11Be ¡Ò²¨ ¸¤¥² ´Ò É ±¦¥ ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ (460 ŒÔ‚/�)
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[118, 109]. ‚ · ¡µÉ¥ [118] ¶·¨ ¢Ò¤¥²¥´¨¨ ± ´ ²  7,8Li + n ¶µ²ÊÎ ²¨¸Ó §´ -
Î¥´¨Ö ¤²Ö Γ, ¸µµÉ¢¥É¸É¢¥´´µ, (67 ± 5) ¨ (56 ± 4) ŒÔ‚/¸, ÎÉµ ¸µ¢¶ ¤ ¥É ¸
¶·¥¤Ò¤ÊÐ¨³ ·¥§Ê²ÓÉ Éµ³.

„·Ê£µ° Ô±¸¶¥·¨³¥´É [109] ¶µ± § ² ¸²¥¤ÊÕÐ¥¥: Ï¨·¨´Ò ´¥°É·µ´´ÒÌ · ¸-
¶·¥¤¥²¥´¨°, ¨§³¥·¥´´ÒÌ ¢ ¸µ¢¶ ¤¥´¨¨ ¸ 10Be, 7Li ¨ 9Li, µÎ¥´Ó · §´Ò¥
(Γ = 98, 67 ¨ 36 ŒÔ‚/¸), µ´¨ § ¢¨¸ÖÉ µÉ ¢Ò¡· ´´µ£µ Ë· £³¥´É  (É.¥. µÉ
³¥Ì ´¨§³  ¥£µ µ¡· §µ¢ ´¨Ö). ’·¥ÉÓ¥ §´ Î¥´¨¥ ¸µµÉ¢¥É¸É¢µ¢ ²µ ¸²ÊÎ Õ, ±µ£¤ 
±µ· 10Be É¥·Ö¥É Éµ²Ó±µ µ¤¨´ ¶·µÉµ´ ¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨ ¸ ³¨Ï¥´ÓÕ, ¢³¥¸É¥ ¸
É¥³ ´¥ ¨¸¶Ê¸± Ö ´¨ µ¤´µ£µ ´¥°É·µ´ . ˆ´É¥·¥¸¥´ ÉµÉ Ë ±É, ÎÉµ Γ = 36 ŒÔ‚/¸,
¨ ÔÉ  ¢¥²¨Î¨´  ¸µ¢¶ ¤ ¥É ¸µ §´ Î¥´¨¥³ ¤²Ö ·¥ ±Í¨¨ ¤¨¸¸µÍ¨ Í¨¨ Ö¤·  11Li.
�Ò² ¸¤¥² ´ ¢Ò¢µ¤, ÎÉµ ÔÉ¨ ¤¢  ± ´ ² , ¢µ§³µ¦´µ, ¨³¥ÕÉ µ¤¨´ ±µ¢µ¥ ¶·µ³¥-
¦ÊÉµÎ´µ¥ ¸µ¸ÉµÖ´¨¥ ¢ ¢¨¤¥ 10Li, Î¥³ ¨ µ¡ÑÖ¸´Ö¥É¸Ö ¨¤¥´É¨Î´µ¸ÉÓ ¨³¶Ê²Ó¸´ÒÌ
· ¸¶·¥¤¥²¥´¨°.

Š ± Ê¦¥ µÉ³¥Î ²µ¸Ó ¢ ¶·¥¤Ò¤ÊÐ¨Ì · §¤¥² Ì, ¸ÊÐ¥¸É¢¥´´ Ö ¢¥·µÖÉ´µ¸ÉÓ
¤¨¶µ²Ó´ÒÌ ¶¥·¥Ìµ¤µ¢, ´ ¡²Õ¤ ¥³ Ö ¶·¨ ¤¨¸¸µÍ¨ Í¨¨ ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ
Ö¤¥·, ³µ¦¥É ¡ÒÉÓ ·¥§Ê²ÓÉ Éµ³ ¤¢ÊÌ ³¥Ì ´¨§³µ¢ Å ¢µ§¡Ê¦¤¥´¨Ö É ± ´ §Ò¢ -
¥³µ£µ ³Ö£±µ£µ ¤¨¶µ²Ó´µ£µ ·¥§µ´ ´¸  ¨²¨ ¶·Ö³µ£µ · §¢ ²  Ö¤· . Ÿ¤·µ 11Be
Ê¤µ¡´µ ¤²Ö ¢ÒÖ¸´¥´¨Ö ÔÉµ£µ ¢µ¶·µ¸ , É ± ± ± ´ ²¨Î¨¥ ¢ ´¥³ ²¨ÏÓ µ¤´µ£µ
¢ ²¥´É´µ£µ ´¥°É·µ´  Ê¸É· ´Ö¥É ¢²¨Ö´¨¥ nn-±µ··¥²ÖÍ¨¨. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¡Ò²¨
¶µ¸É ¢²¥´Ò ´¥¸±µ²Ó±µ Ô±¸¶¥·¨³¥´Éµ¢ [177,183Ä185]. ‚ · ¡µÉ¥ [177] ¤²Ö ¢ -
²¥´É´µ£µ ´¥°É·µ´  ¢ 11Be ¡Ò² ´ °¤¥´ ¸·¥¤´¥±¢ ¤· É¨Î´Ò° · ¤¨Ê¸
(6, 4 ± 0, 7) Ë³. �¤´ ±µ Ô±¸¶¥·¨³¥´ÉÒ ¶µ± § ²¨, ÎÉµ µÉ´µ¸¨É¥²Ó´µ 11Be
µ¸É ÕÉ¸Ö µÉ±·ÒÉÒ¥ ¢µ¶·µ¸Ò, É ± ± ± ·¥§Ê²ÓÉ ÉÒ µ ´ ²¨Î¨¨ ¶µ¸ÉÊ¸±µ·¥´¨Ö
Ë· £³¥´É  (É.¥. ¸ÊÐ¥¸É¢Ê¥É ¨²¨ ´¥É ¶·Ö³µ° · §¢ ² ¢¡²¨§¨ Ö¤·  ³¨Ï¥´¨) ¶·µ-
É¨¢µ·¥Î¨¢Ò.

3.2. Ÿ¤·µ 12Be. „µ ´¥¤ ¢´¥£µ ¢·¥³¥´¨ ¡Ò²µ ¨§¢¥¸É´µ ¢¸¥£µ Î¥ÉÒ·¥ ¢µ§-
¡Ê¦¤¥´´ÒÌ Ê·µ¢´Ö Ö¤·  12Be: 2,102, 2,702, 4,56 ¨ 5,70 ŒÔ‚. „¢  ¶µ¸²¥¤´¨Ì
²¥¦ É ¢ÒÏ¥ ¶µ·µ£µ¢ ¨¸¶Ê¸± ´¨Ö µ¤´µ£µ ¨ ¤¢ÊÌ ´¥°É·µ´µ¢ [168]. ‚ ·¥ ±Í¨¨
¸ ¢Éµ·¨Î´Ò³ ¶ÊÎ±µ³ 12Be ´  µ¸´µ¢ ´¨¨ ¨§³¥·¥´´µ£µ ¶µ²´µ£µ ¸¥Î¥´¨Ö ¢§ ¨-
³µ¤¥°¸É¢¨Ö ´  ³¨Ï¥´ÖÌ ¨§ ‚¥, ‘ ¨ Al ¶µ²ÊÎ¥´ ¸·¥¤´¥±¢ ¤· É¨Î´Ò° · ¤¨Ê¸
· ¸¶·¥¤¥²¥´¨Ö ´Ê±²µ´µ¢ ¢ Ö¤·¥ 12Be [20] ¨ µ¡´ ·Ê¦¥´µ, ÎÉµ · ¤¨Ê¸ Ö¤·  12Be
µ¶·¥¤¥²Ö¥É¸Ö ¸É ´¤ ·É´Ò³ ¶·¨· Ð¥´¨¥³ (R ∼ r0A1/3).

�µ¢Ò¥ ¤ ´´Ò¥ µ ¸É·Ê±ÉÊ·¥ 12Be ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¢ ·¥ ±Í¨¨ ¤¢µ°´µ° ¶¥·¥-
§ ·Ö¤±¨ 12C(14C, 14O)12Be ¶·¨ Ô´¥·£¨¨ ¶ÊÎ±  335,9 ŒÔ‚ [60]. ‚ ÔÉµ° · ¡µÉ¥,
±·µ³¥ ¶¨±µ¢, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì Ê¦¥ ¨§¢¥¸É´Ò³ Ê·µ¢´Ö³, ´ ¡²Õ¤ ²¸Ö Ê§±¨°
¶¨± ¸ E∗ = 7, 2 ŒÔ‚,   É ±¦¥ Ï¨·µ±µ¥ · ¸¶·¥¤¥²¥´¨¥ ¢ · °µ´¥ E∗ ≈ 9, 3 ŒÔ‚
(·¨¸. 27).

�µÎÉ¨ µ¤´µ¢·¥³¥´´µ ¡Ò²¨ ¶µ²ÊÎ¥´Ò ·¥§Ê²ÓÉ ÉÒ [186,187], ±µÉµ·Ò¥ ¶µ-
± § ²¨, ÎÉµ 12Be ³µ¦¥É ¸²Ê¦¨ÉÓ Ìµ·µÏ¥° ¨²²Õ¸É· Í¨¥° ¸ÊÐ¥¸É¢µ¢ ´¨Ö ¢
Ö¤· Ì α-±² ¸É¥·´ÒÌ ¸µ¸ÉµÖ´¨°. ’ ±¨¥ ¸µ¸ÉµÖ´¨Ö ¤µ²¦´Ò ¶·µÖ¢²ÖÉÓ¸Ö ¶·¨
Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö, ¡²¨§±¨Ì ± ¶µ·µ£ ³ · ¸¶ ¤  ¸ ¨¸¶Ê¸± ´¨¥³ Ö¤¥· £¥²¨Ö.
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�¨¸. 27. ‘¶¥±É· Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö Ö¤·  12Be, ¨§³¥·¥´´µ£µ ¢ ·¥ ±Í¨¨ ¤¢µ°´µ°
¶¥·¥§ ·Ö¤±¨ 12C(14C, 14O)12Be ¶·¨ Ô´¥·£¨¨ 335,9 ŒÔ‚ ¨ 1, 0◦ < θ² ¡ < 3, 5◦ [60]

�¨¸. 28. ‘Ì¥³  Ê·µ¢´¥° 12Be [168,60,186]. “± § ´Ò ¶µ·µ£¨ · ¸¶ ¤  ¸ ÊÎ ¸É¨¥³ ¨§µÉµ-
¶µ¢ �¥ ¨²¨ ‚¥



‘ˆ‹œ���…‰’����ˆ‡�›’�—�›… ˆ‡�’��› 1487

�¨¸. 29. ˆ´±²Õ§¨¢´Ò° ¸¶¥±É· ¶·µÉµ´µ¢, ¨§³¥·¥´´Ò° ¢ ·¥ ±Í¨¨ ´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö
p(12Be, p), ± ± ËÊ´±Í¨Ö Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö Ö¤·  12Be [186]. Š·¨¢Ò¥: 1 Å Ë §µ¢µ¥
¶·µ¸É· ´¸É¢µ ¤²Ö p+ n+ 11Be ¨ 2 Å n+ n-¢§ ¨³µ¤¥°¸É¢¨¥ ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ ¢
± ´ ²¥ p+ 2n+ 10Be

‚ ¸²ÊÎ ¥ 12Be ÔÉ¨ ¶µ·µ£¨ ²¥¦ É ¢ µ¡² ¸É¨ E∗ ∼ 9 ÷ 12 ŒÔ‚ (¸³. ·¨¸. 28).
‚ · ¡µÉ¥ [186] ¢ ´¥Ê¶·Ê£µ³ · ¸¸¥Ö´¨¨ ¢Éµ·¨Î´µ£µ ¶ÊÎ±  12Be ¸ Ô´¥·£¨¥°
55 ŒÔ‚/´Ê±²µ´ ´  ¶·µÉµ´´µ° ³¨Ï¥´¨ ´ ¡²Õ¤ ²¨¸Ó ¤¢  ´µ¢ÒÌ Ê·µ¢´Ö 12Be
¸ Ô´¥·£¨¥° (8, 6 ± 0, 15) ¨ (10, 00 ± 0, 15) ŒÔ‚,   É ±¦¥ Ï¨·µ±µ¥ · ¸¶·¥¤¥-
²¥´¨¥ ¶·¨ ∼ 13 − 14 ŒÔ‚. �¥·¢Ò¥ ¤¢  Ê·µ¢´Ö ¨³¥ÕÉ ³ ²¥´Ó±ÊÕ Ï¨·¨´Ê
Γ ≤ 0, 5 ŒÔ‚, ±µÉµ· Ö ¸µµÉ¢¥É¸É¢Ê¥É §´ Î¥´¨Õ Ê£²µ¢ÒÌ ³µ³¥´Éµ¢ L ≥ 3
¤²Ö ¶¥·¢µ£µ ¨ L ≥ 4 ¤²Ö ¢Éµ·µ£µ Ê·µ¢´Ö. �  ·¨¸. 29 ¶µ± § ´ ¨´±²Õ§¨¢´Ò°
¸¶¥±É· · ¸¸¥Ö´´ÒÌ ¶·µÉµ´µ¢. ˆ§³¥·Ö²¨¸Ó ¨ ¸¶¥±É·Ò ¸µ¢¶ ¤¥´¨Ö ¶·µÉµ´µ¢ ¸
· §´Ò³¨ ¶·µ¤Ê±É ³¨ · ¸¶ ¤  12Be, ¢ Éµ³ Î¨¸²¥ 10,11,12Be ¨ · §²¨Î´Ò³¨ ¨§µ-
Éµ¶ ³¨ �¥. ˆ§ ¸Ì¥³Ò Ê·µ¢´¥° ´  ·¨¸. 28 ¸²¥¤Ê¥É, ÎÉµ ¸µ¸ÉµÖ´¨¥ ¸ Ô´¥·£¨¥°
(8, 6± 0, 15) ŒÔ‚ ´ Ìµ¤¨É¸Ö ÎÊÉÓ ´¨¦¥ ¶¥·¢µ£µ ¶µ·µ£  ¨¸¶Ê¸± ´¨Ö £¥²¨¥¢µ£µ
Ö¤·  ¨§ 12Be→ 8He + 4He,   Ê·µ¢¥´Ó (10, 00± 0, 15) ŒÔ‚ · ¸¶µ²µ¦¥´ ¢ÒÏ¥
ÔÉµ£µ ¶µ·µ£  ¨ ¢¡²¨§¨ ¢Éµ·µ£µ ¶µ·µ£  ¤²Ö · ¸¶ ¤  12Be→ 6He + 6He. ‚ ¸¶¥±-
É· Ì ¸µ¢¶ ¤¥´¨Ö ¸ ¨§µÉµ¶ ³¨ Be ¶¨± ¸ Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö E∗ = 10 ŒÔ‚
¶· ±É¨Î¥¸±¨ µÉ¸ÊÉ¸É¢Ê¥É. ˆ§ ¸µµÉ´µÏ¥´¨Ö ¢ÒÌµ¤µ¢ ¶¨±µ¢ 8,6 ¨ 10,0 ŒÔ‚ ¢
¨´±²Õ§¨¢´µ³ ¨ ¢ ¸¶¥±É·¥ ¸µ¢¶ ¤¥´¨Ö ¸ ¨§µÉµ¶ ³¨ Be ¡Ò²µ ¶µ²ÊÎ¥´µ, ÎÉµ ¤²Ö
Ê·µ¢´Ö 10 ŒÔ‚ ¸µµÉ´µÏ¥´¨¥ ¶µ²´µ° Ï¨·¨´Ò ¨ ¶ ·Í¨ ²Ó´µ° Ï¨·¨´Ò ¤²Ö
· ¸¶ ¤  ´  ¡¥·¨²²¨¥¢Ò¥ ¨§µÉµ¶Ò (É.¥. ¶ÊÉ¥³ ¨¸¶Ê¸± ´¨Ö ´¥°É·µ´µ¢) · ¢´µ
Γtot/Γ12Be∗→xBe = 3, 6 ± 1, 6. ‘²¥¤µ¢ É¥²Ó´µ, ¶·¥µ¡² ¤ ÕÐ¨³ ¤²Ö Ê·µ¢´Ö ¸
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Ô´¥·£¨¥° 10 ŒÔ‚ Ö¢²Ö¥É¸Ö · ¸¶ ¤ ¸ ¨¸¶Ê¸± ´¨¥³ £¥²¨¥¢ÒÌ Ö¤¥·. ‘¶¥±É· ¸µ¢-
¶ ¤¥´¨Ö ¸ ¨§µÉµ¶ ³¨ He ¶µ± §Ò¢ ¥É, ÎÉµ Ê·µ¢¥´Ó ¸ Ô´¥·£¨¥° ∼ 14 ŒÔ‚ Éµ¦¥
· ¸¶ ¤ ¥É¸Ö ¶ÊÉ¥³ ¨¸¶Ê¸± ´¨Ö Ö¤¥· £¥²¨Ö, ´µ ´¥ · ¸¶ ¤ ¥É¸Ö ¶ÊÉ¥³ ¨¸¶Ê¸± -
´¨Ö Ö¤¥· ¡¥·¨²²¨Ö. ’ ±¨³ µ¡· §µ³, ³µ¦´µ ¸Î¨É ÉÓ, ÎÉµ ¢ 12Be µ¡´ ·Ê¦¥´Ò
Ê·µ¢´¨, ¨³¥ÕÐ¨¥ α-±² ¸É¥·´ÊÕ ¸É·Ê±ÉÊ·Ê. �É¨ Ê·µ¢´¨ ³µ£ÊÉ ¨³¥ÉÓ ±µ´Ë¨£Ê-
· Í¨Õ, ¢ ±µÉµ·µ° ¤¢¥ α-Î ¸É¨ÍÒ · ¸¶µ²µ¦¥´Ò ¤ ²¥±µ µ¤´  µÉ ¤·Ê£µ° ¨ ± ´¨³
¤µ¡ ¢²¥´Ò Î¥ÉÒ·¥ ´¥°É·µ´ . ˆ ÔÉµ ¸¨²Ó´µ µÉ²¨Î ¥É¸Ö µÉ ¸É·Ê±ÉÊ·Ò µ¸´µ¢-
´µ£µ ¸µ¸ÉµÖ´¨Ö, ¢ ±µÉµ·µ³, ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ · ¸Î¥É ³¨ [188Ä190], µ¦¨¤ ²µ¸Ó
µÉ¸ÊÉ¸É¢¨¥ Ö·±µ ¢Ò· ¦¥´´µ° ±² ¸É¥·´µ° ¸É·Ê±ÉÊ·Ò.

‘É·Ê±ÉÊ·  Ö¤·  12Be ¨¸¸²¥¤µ¢ ² ¸Ó ¢ · ¡µÉ¥ [191] ¢ · ³± Ì É·¥ÌÎ ¸É¨Î-
´µ° ³µ¤¥²¨ (10Be + n + n). �µ¸±µ²Ó±Ê µ¸´µ¢´Ò³ ¸µ¸ÉµÖ´¨¥³ Ö¤·  11Be
Ö¢²Ö¥É¸Ö 1/2+, ³µ¦´µ ¡Ò²µ µ¦¨¤ ÉÓ, ÎÉµ ¤µ¡ ¢²¥´¨¥ µ¤´µ£µ ´¥°É·µ´  ¶·¨¢¥-
¤¥É ± (s1/2)2-±µ´Ë¨£Ê· Í¨¨ ¤²Ö 12Be. �¤´ ±µ Ìµ·µÏ¥¥ ¸µ£² ¸¨¥ · ¸Î¥Éµ¢ ¸
Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶µ Ï¨·¨´ ³ · ¸¶·¥¤¥²¥´¨Ö ¶·µ¤µ²Ó´µ£µ ¨³-
¶Ê²Ó¸  Ë· £³¥´Éµ¢ 10Be, µ¡· §µ¢ ´´ÒÌ ¶·¨ Ë· £³¥´É Í¨¨ 12Be [192],   É ±¦¥
¸o §´ Î¥´¨¥³ ¸·¥¤´¥±¢ ¤· É¨Î´µ£µ · ¤¨Ê¸  Ö¤¥·´µ£µ ¢¥Ð¥¸É¢  [20], ¡Ò²µ ¶µ-
²ÊÎ¥´µ ²¨ÏÓ ¢ ¸²ÊÎ ¥, ±µ£¤  ¢ ²¥´É´Ò¥ ´¥°É·µ´Ò ¢ µ¸´µ¢´µ³ ´ Ìµ¤ÖÉ¸Ö ´ 
p1/2-µ·¡¨É¥ ¨ ¢±² ¤ sd-±µ´Ë¨£Ê· Í¨¨ ¸µ¸É ¢²Ö¥É ´¥ ¡µ²¥¥ 25 %.

3.3. Ÿ¤·µ 13Be. �¦¨¤ ²µ¸Ó, ÎÉµ Ö¤·µ 13Be ¡Ê¤¥É ´¥¸É ¡¨²Ó´Ò³ ¶µ µÉ´µ-
Ï¥´¨Õ ± · ¸¶ ¤Ê 13Be→ 12Be + n, ¸ Ô´¥·£¨¥° · ¸¶ ¤  ¢ ¶·¥¤¥² Ì
0, 9 ÷ 2, 2 ŒÔ‚ [41,74,127,193]. ‹¨ÏÓ ¢ · ¡µÉ Ì [194,195] ¶µ²ÊÎ¥´µ, ÎÉµ
13Be ¸¢Ö§ ´ ´  0, 009 ÷ 0, 038 MÔ‚. �µ¶ÒÉ±¨ µ¡´ ·Ê¦¨ÉÓ ¥£µ ¢ ·¥ ±Í¨¨
Ë· £³¥´É Í¨¨ ¨µ´µ¢ 40Ar ¸ Ô´¥·£¨¥° 44 ŒÔ‚/A ´  ³¨Ï¥´¨ ¨§ ’  ´¥ ¤ ²¨
¶µ²µ¦¨É¥²Ó´µ£µ ·¥§Ê²ÓÉ É  [196], ± ± ÔÉµ ¨ ¶·¥¤¸± §Ò¢ ²µ¸Ó. ‘É·Ê±ÉÊ·  ´¥-
¸É ¡¨²Ó´µ£µ Ö¤·  13Be ¨¸¸²¥¤µ¢ ² ¸Ó ¢ ´¥¸±µ²Ó±¨Ì Ô±¸¶¥·¨³¥´É Ì, ¢ ±µÉµ·ÒÌ
¨¸¶µ²Ó§µ¢ ²¨¸Ó ·¥ ±Í¨¨ ¶¥·¥¤ Î¨ (É ¡².9). �¥§Ê²ÓÉ ÉÒ Ô±¸¶¥·¨³¥´Éµ¢ ¨ ¶·¥¤-
¸± § ´¨Ö É¥µ·¨¨ µÉ²¨Î ÕÉ¸Ö ´¥ ¸¨²Ó´µ.

‚¶¥·¢Ò¥ Ö¤·µ 13Be ´ ¡²Õ¤ ²µ¸Ó ¢ ·¥ ±Í¨¨ 14C(7Li, 8B)13Be [197,198].
�¥§Ê²ÓÉ É ¶·¨¢¥¤¥´ ¢ É ¡².9. O¤´ ±µ ´¥¡µ²ÓÏ Ö ¸É É¨¸É¨±  ¢ µ¡² ¸É¨ ·¥§µ-
´ ´¸  ¨ Ëµ´ Éµ£µ ¦¥ ¶µ·Ö¤±  ´¥ ¶µ§¢µ²¨²¨ µ¶·¥¤¥²¨ÉÓ ³ ¸¸Ê ¸ ¶µ£·¥Ï´µ¸ÉÓÕ
³¥´ÓÏ¥°, Î¥³ É , ÎÉµ ¶µ ¸¨¸É¥³ É¨±¥ (0,5 ŒÔ‚) ¨§ · ¡µÉÒ [200].

�µ²¥¥ ¶·¥Í¨§¨µ´´µ¥ ¨§³¥·¥´¨¥ [193] ¸¶¥±É·  13Be ¶·µ¢¥¤¥´µ ¢ ·¥ ±Í¨¨
¤¢µ°´µ° ¶¥·¥§ ·Ö¤±¨ 13C(14C, 14O)13Be ¶·¨ Ô´¥·£¨¨ 337 ŒÔ‚. �¥§Ê²ÓÉ É
ÔÉµ° · ¡µÉÒ ¶·¥¤¸É ¢²¥´ ´  ·¨¸. 30. �¥·¢µ³Ê ¶¨±Ê (±µÉµ·Ò° ¶· ±É¨Î¥¸±¨
¸¢µ¡µ¤¥´ µÉ Ëµ´ ) ¢²¥¢µ µÉ ¶µ·µ£  · §¢ ²  13Be→ 12Be + n ¸µµÉ¢¥É¸É¢Ê¥É
§´ Î¥´¨¥ ¨§¡ÒÉ±  ³ ¸¸Ò Œ.….= 35, 16(5) ŒÔ‚, É.¥. ÔÉµÉ ·¥§µ´ ´¸ µÉ¸Éµ¨É µÉ
¶µ·µ£  ´  2,01(5) ŒÔ‚. ˜¨·¨´  ·¥§µ´ ´¸  Γ =0,3(2) ŒÔ‚. „·Ê£µ° ·¥§µ´ ´¸
´ Ìµ¤¨É¸Ö ´  3,12(7) ŒÔ‚,   É·¥É¨° Å ´  6,5(2) ŒÔ‚ ¢ÒÏ¥ ¶¥·¢µ£µ. ˆÌ
Ï¨·¨´Ò, ¸µµÉ¢¥É¸É¢¥´´µ, · ¢´Ò Γ = 0,4(2) ¨ 0,9(3) ŒÔ‚. ‚¥·µÖÉ´µ, ÎÉµ
´ ¡²Õ¤ ¢Ï¨°¸Ö ¢ ÔÉµ° · ¡µÉ¥ ·¥§µ´ ´¸ ¶·¨ ∼ 2 ŒÔ‚ ´¥ Ö¢²Ö¥É¸Ö µ¸´µ¢´Ò³
¸µ¸ÉµÖ´¨¥³ Ö¤·  13Be.
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’ ¡²¨Í  9. ˆ§¡ÒÉµ± ³ ¸¸Ò (Œ.….) ´ ¡²Õ¤¥´´µ£µ ´ ¨¡µ²¥¥ ´¨§±µ²¥¦ Ð¥£µ Ê·µ¢´Ö
Ö¤·  13Be, Ô´¥·£¨Ö ·¥§µ´ ´¸  Eres ´ ¤ ¶µ·µ£µ³ ¨¸¶Ê¸± ´¨Ö µ¤´µ£µ ´¥°É·µ´  ¨
Ï¨·¨´  ·¥§µ´ ´¸  Γ, ¶µ²ÊÎ¥´´Ò¥ ¢ ·¥ ±Í¨ÖÌ ¶¥·¥¤ Î¨ ¶·¨ Ô´¥·£¨ÖÌ ¶ÊÎ±  Ei

�¥ ±Í¨Ö Ei, MÔ‚ M.E., MÔ‚ Eres, MÔ‚ Γ, MÔ‚ ‘¸Ò²± 

14C(7Li, 8B) 82 3, 5± 0, 5 1, 8± 0, 5 0, 9± 0, 5 [197]
2,0 1,5 [198]

13C(14C, 14O) 337 35, 16± 0, 05 2, 01± 0, 05 0, 3± 0, 2 [193]

d(12Be, p) 55A 2,0 [186]

14C(11B, 12N) 190 33, 95± 0, 09 0, 80± 0, 09 ∼ 1, 0 [199]

�¨¸. 30. ‘¶¥±É· 13C(14C, 14O)13Be-·¥ ±Í¨¨ [193]. “± § ´Ò Ô´¥·£¨¨ ·¥§µ´ ´¸µ¢
¢ ŒÔ‚

‚ �ˆŸˆ Ö¤·µ 13Be ¨§ÊÎ ²µ¸Ó ¢ ·¥ ±Í¨¨ 14C(11B, 12N)13Be ¶·¨ Ô´¥·-
£¨¨ 190 ŒÔ‚ [199]. �¥§Ê²ÓÉ É ÔÉµ° · ¡µÉÒ ¶·¥¤¸É ¢²¥´ ´  ·¨¸. 31, . ‘ ³Ò°
´¨§±¨° ¶µ Ô´¥·£¨¨ ·¥§µ´ ´¸ ¸µµÉ¢¥É¸É¢Ê¥É Œ.….= 33,95(9) ŒÔ‚, ÎÉµ ¶·¨¶¨¸Ò-
¢ ¥É¸Ö µ¸´µ¢´µ³Ê ¸µ¸ÉµÖ´¨Õ ¸ Ô´¥·£¨¥° · ¸¶ ¤  0,80(9) ŒÔ‚. ‚ ¸¶¥±É·¥ ´ -
¡²Õ¤ ÕÉ¸Ö ¥Ð¥ ´¥¸±µ²Ó±µ ¶¨±µ¢, ±µÉµ·Ò¥, ¶µ ³´¥´¨Õ  ¢Éµ·µ¢, ¸µµÉ¢¥É¸É¢ÊÕÉ
¢µ§¡Ê¦¤¥´´Ò³ ¸µ¸ÉµÖ´¨Ö³ ¸ Ô´¥·£¨Ö³¨ 1,22(10), 2,10(16), 4,14(12), 5,09(14)
¨ 7,0(2) ŒÔ‚. �  ·¨¸. 31,¡ ¶·¨¢¥¤¥´ ¸¶¥±É· ¨§ ·¥ ±Í¨¨ 12C(11B, 12N)11Be.
�¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ ¨ ¶¥·¢µ¥ ¢µ§¡Ê¦¤¥´´µ¥ ¸µ¸ÉµÖ´¨¥ ¢ ÔÉµ° ·¥ ±Í¨¨ ¢µ§-
¡Ê¦¤ ÕÉ¸Ö µÎ¥´Ó ¸² ¡µ. ‘¨²Ó´¥¥ ¢¸¥£µ ¢µ§¡Ê¦¤ ¥É¸Ö ¸µ¸ÉµÖ´¨¥ ¶·¨ Ô´¥·£¨¨
1,78 ŒÔ‚, ¤²Ö ±µÉµ·µ£µ Jπ = 5/2+.
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�¨¸. 31.  ) ‘¶¥±É· ¨§ ·¥ ±Í¨¨ 14C(11B, 12N)13Be ¶µ¸²¥ ¢ÒÎ¥É  Ëµ´  µÉ ¶·¨³¥¸¥° ¢ ³¨-
Ï¥´¨. ƒ¨¸Éµ£· ³³  Å Ô±¸¶¥·¨³¥´É ²Ó´Ò° ¸¶¥±É·, ¸¶²µÏ´ Ö ±·¨¢ Ö Å ¸Ê³³  ¢±² ¤µ¢
µÉ 3-Î ¸É¨Î´µ£µ ¶·µÍ¥¸¸  12N + 12Be+n ¨ ¶µ¸²¥¤µ¢ É¥²Ó´µ£µ · ¸¶ ¤  ¢µ§¡Ê¦¤¥´´µ£µ
13N∗ → 12N + n, ÉµÎ±¨ Å ¸Ê³³  ¢¸¥Ì ±µ³¶µ´¥´É · §²µ¦¥´¨Ö ¸¶¥±É· , ¶Ê´±É¨· Å
4-Î ¸É¨Î´µ¥ Ë §µ¢µ¥ ¶·µ¸É· ´¸É¢µ; ¡) ¸¶¥±É· ¨§ ·¥ ±Í¨¨ 12C(11B, 12N)11Be [199]
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�¨¸. 32. ‘¶¥±É· ¶·µÉµ´µ¢ ¨§ ·¥ ±-
Í¨¨ CD2(

12Be, p), ± ± ËÊ´±Í¨Ö
Ô´¥·£¨¨ ´ ¤ ¶µ·µ£µ³ · §¢ ²  ¢
n+12Be (¸¶²µÏ´ Ö £¨¸Éµ£· ³³ ),
¨ ¨§ ·¥ ±Í¨¨ C(12Be, p) (¶Ê´±-
É¨·´ Ö £¨¸Éµ£· ³³ ) [186]

�µ§¤´¥¥ ¢ RIKEN [186] ¡Ò²µ ¶·µ¢¥¤¥´µ
¨¸¸²¥¤µ¢ ´¨¥ 13Be ¢ ·¥ ±Í¨¨ 12Be(d, p) ¢ ¨´-
¢¥·¸´µ° ±¨´¥³ É¨±¥ ¶·¨ Ô´¥·£¨¨ ¢Éµ·¨Î´µ£µ
¶ÊÎ±  12Be, · ¢´µ° 55 ŒÔ‚/�. ‚ ¸¶¥±É·¥
¶·µÉµ´µ¢ ¶·µÖ¢²Ö¥É¸Ö ·¥§µ´ ´¸ ¶·¨ Ô´¥·£¨¨
2 ŒÔ‚ ´ ¤ ¶µ·µ£µ³ · §¢ ²  ´  12Be + n,  
É ±¦¥ ·¥§µ´ ´¸Ò ¶·¨ 5, 7 ¨ 10 ŒÔ‚ (·¨¸. 32).

Ÿ¤·µ 13Be ¨§ÊÎ ²µ¸Ó ¨ ¶ÊÉ¥³ ¨§³¥·¥´¨Ö
¸¶¥±É·  µÉ´µ¸¨É¥²Ó´µ° ¸±µ·µ¸É¨ ³¥¦¤Ê ´¥°-
É·µ´ ³¨ ¨ 12Be, µ¡· §ÊÕÐ¨³¨¸Ö ¶·¨ · §¢ ²¥
13Be [52]. �  µ¸´µ¢ ´¨¨ ÔÉµ£µ ¸¶¥±É·  ¡Ò²
¸¤¥² ´ ¢Ò¢µ¤, ÎÉµ ¢ 13Be ¥¸ÉÓ ¸µ¸ÉµÖ´¨¥,
±µÉµ·µ¥ · ¸¶ ¤ ¥É¸Ö ¶ÊÉ¥³ ¨¸¶Ê¸± ´¨Ö ´¨§-
±µÔ´¥·£¨Î´µ£µ ´¥°É·µ´ . �µ ³´¥´¨Õ  ¢Éµ-
·µ¢, ÔÉµ ¸µ¸ÉµÖ´¨¥ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ²¨¡µ
´¨§±µ²¥¦ Ð¨° s-¢µ²´µ¢µ° ·¥§µ´ ´¸ ( ´ ²µ-
£¨Î´µ ¸²ÊÎ Õ 10Li), ²¨¡µ ¢µ§¡Ê¦¤¥´´µ¥ ¸µ-
¸ÉµÖ´¨¥, ±µÉµ·µ¥ · ¸¶ ¤ ¥É¸Ö ¢ ¢µ§¡Ê¦¤¥´´µ¥
¸µ¸ÉµÖ´¨¥ Ö¤·  12Be ¶·¨ 2,1 ŒÔ‚.

�·¥¤¸É ¢²¥´¨¥ µ ¸Ì¥³¥ Ê·µ¢´¥° Ö¤· 
13Be ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¨§ ·¨¸. 33. ‚¸¥ Ô±¸-
¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ µ¤´µ§´ Î´µ µ¶·¥¤¥²ÖÕÉ Ê·µ¢¥´Ó, ´ Ìµ¤ÖÐ¨°¸Ö ´ 
∼ 2 ŒÔ‚ ¢ÒÏ¥ ¶µ·µ£  · §¢ ²  13Be→ 12Be+n. ‚ É·¥Ì · ¡µÉ Ì [186,193,199],
¢ ¶·¥¤¥² Ì ¶µ£·¥Ï´µ¸É¨, ¸µ¢¶ ¤ ¥É ¨ ·¥§µ´ ´¸ ¸ Ô´¥·£¨¥° ´ ¤ ¶µ·µ£µ³, · ¢-
´µ° ∼ 5 ŒÔ‚. ˆ´Ëµ·³ Í¨Ö µ ·¥§µ´ ´¸ Ì ¢ µ¡² ¸É¨ 7÷8,5 ŒÔ‚ ¢ · §´ÒÌ
· ¡µÉ Ì µÉ²¨Î ¥É¸Ö. �¥§µ´ ´¸ ¸ Ô´¥·£¨¥° ∼ 10 ŒÔ‚ ´ ¡²Õ¤ ²¸Ö ¢ µ¤´µ° · -
¡µÉ¥ [186], É ± ¦¥, ± ± ¨ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ [199]. �±¸¶¥·¨³¥´É ¸· ¢´¨¢ ²¸Ö
¸ É¥µ·¨¥° ¨§ · ¡µÉ [41,193Ä195].

Œµ¦´µ ¶µ² £ ÉÓ, ÎÉµ ·¥§µ´ ´¸ ¸ Ô´¥·£¨¥° ∼ 2 ŒÔ‚ Ö¢²Ö¥É¸Ö ¢µ§¡Ê¦¤¥´-
´Ò³,   ´¥ µ¸´µ¢´Ò³ ¸µ¸ÉµÖ´¨¥³ Ö¤·  13Be. �É¨ ¢Ò¢µ¤Ò ¡ §¨·ÊÕÉ¸Ö, ¢ ¶¥·¢ÊÕ
µÎ¥·¥¤Ó, ´  ´¥±µÉµ·µ° ¸¨¸É¥³ É¨±¥ Ê·µ¢´¥° Ö¤¥· ¸ N = 9. �±¸É· ¶µ²ÖÍ¨Ö
[201] ¢ Í¥¶µÎ±¥ 17O − 15C − 13Be É·¥¡Ê¥É 2s-±µ´Ë¨£Ê· Í¨¨ ¤²Ö µ¸´µ¢´µ£µ
¸µ¸ÉµÖ´¨Ö 13Be. Š·µ³¥ Éµ£µ, · ¸Î¥ÉÒ [193] ¶·¥¤¸± §Ò¢ ÕÉ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ-
´¨¥ 1/2+, ´ Ìµ¤ÖÐ¥¥¸Ö ´¨¦¥ ¸µ¸ÉµÖ´¨Ö 5/2+ ¨ ´¥ ¸¢Ö§ ´´µ¥ ´  ∼ 0, 9 ŒÔ‚.
�¸´µ¢´Ò³ ·¥§Ê²ÓÉ Éµ³ · ¡µÉ [194,195] Ö¢²Ö¥É¸Ö Éµ, ÎÉµ µ¡´ ·Ê¦¥´µ ¸µ¸ÉµÖ-
´¨¥ 1/2+ ¢¡²¨§¨ ¶µ·µ£  · §¢ ² . �´µ ³µ¦¥É µ± § ÉÓ¸Ö ¡²¨§±µ ± ¸¢Ö§ ´´µ³Ê
(Eres = −(9÷ 38) ±Ô‚), ÎÉµ ¸¨²Ó´µ µÉ²¨Î ¥É¸Ö µÉ ¤·Ê£¨Ì ¶·¥¤¸± § ´¨°. Š ±
µÉ³¥Î ¥É ¸ ³  ¢Éµ·, ¶·¥¤¸± § ´¨¥ ¸¢Ö§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö § ¢¨¸¨É µÉ ¢Ò¡µ· 
´Ê±²µ´-´Ê±²µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö,   É ±¦¥ µÉ ÉµÎ´µ¸É¨ Ô±¸¶¥·¨³¥´É ²Ó´µ
¨§³¥·¥´´µ° Ô´¥·£¨¨ ·¥§µ´ ´¸  5/2+. ‚ ²Õ¡µ³ ¸²ÊÎ ¥ ¤¥² ¥É¸Ö ¢Ò¢µ¤ µ Éµ³,
ÎÉµ ¸µ¸ÉµÖ´¨¥ 1/2+, ¶µ ±· °´¥° ³¥·¥, ¤µ²¦´µ ²¥¦ ÉÓ ¢¡²¨§¨ ¶µ·µ£  · §-
¢ ² . �·¥¤¶µ²µ¦¥´¨¥ µ Éµ³, ÎÉµ ÔÉµ ¸µ¸ÉµÖ´¨¥ ¸² ¡µ ¸¢Ö§ ´µ, ¢¥¤¥É ± ¥£µ
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�¨¸. 33. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨ · ¸Î¥É´Ò¥ ¸Ì¥³Ò Ê·µ¢´¥° Ö¤·  13Be. �±¸¶¥·¨-
³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö (±µ²µ´±¨ 1 Ä 4) ¶·¨¢¥¤¥´Ò µÉ´µ¸¨É¥²Ó´µ ¶µ·µ£  · §¢ ² 
13Be→ 12Be+n. ’¥µ·¥É¨Î¥¸±¨¥ ¶·¥¤¸± § ´¨Ö (±µ²µ´±¨ 5 Ä 7) ¶·¥¤¸É ¢²¥´Ò ¢ Ï± ²¥
Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö

´¥µ¡ÒÎ´Ò³ ¸¢µ°¸É¢ ³ Å ¸·¥¤´¥±¢ ¤· É¨Î´Ò° · ¤¨Ê¸ ³µ¦¥É ¡ÒÉÓ ¤ ¦¥ ¢ É·¨
· §  ¡µ²ÓÏ¥ · ¤¨Ê¸  Ö¤· -±µ·  12Be ¨ Éµ£¤  13Be µ± §Ò¢ ¥É¸Ö £ ²µµ¡· §´Ò³
Ö¤·µ³. ‚ · ¡µÉ¥ [194] µ¡´ ·Ê¦¥´ É ±¦¥ Ï¨·µ±¨° ·¥§µ´ ´¸ ¶·¨ Ô´¥·£¨¨ µ±µ²µ
5 ŒÔ‚, ÎÉµ ¸µ¢¶ ¤ ¥É ¸ ·¥§Ê²ÓÉ É ³¨ Ô±¸¶¥·¨³¥´Éµ¢. …³Ê ¶·¨¶¨¸ ´Ò ¸¶¨´ ¨
Î¥É´µ¸ÉÓ 1/2+. �·¥¤¸± § ´ ¥Ð¥ µ¤¨´ ·¥§µ´ ´¸, 3/2+, ¢ µ¡² ¸É¨ 2,1 Ä 3 ŒÔ‚,
´µ µ´ ¶µ±  ´¥ ¶µ¤É¢¥·¦¤¥´ Ô±¸¶¥·¨³¥´É ²Ó´µ. � ¸Î¥É, ¸¤¥² ´´Ò° ¢ [193],
¸·¥¤¨ ´¥¸±µ²Ó±¨Ì ¤·Ê£¨Ì ¸µ¸ÉµÖ´¨° ¶·¥¤¸± §Ò¢ ¥É ¢Éµ·µ° 5/2+-Ê·µ¢¥´Ó ¶·¨
E∗ = 3, 6 ŒÔ‚ Å ÔÉµ §´ Î¥´¨¥ ´¥¶²µÌµ ¸µ£² ¸Ê¥É¸Ö ¸o ¢Éµ·Ò³ ´ ¡²Õ¤¥´´Ò³
¶¨±µ³ ¢ Éµ° ¦¥ · ¡µÉ¥ ¶·¨ Ô´¥·£¨¨ Eres = 5, 13 ŒÔ‚.

� ¨¡µ²¥¥ ¢ ¦´Ò³ Ö¢²Ö¥É¸Ö ¢µ¶·µ¸ µ ¸É·Ê±ÉÊ·¥ ¸µ¸ÉµÖ´¨Ö ¸ ·¥§µ´ ´¸´µ°
Ô´¥·£¨¥° Eres ≈ 2 ŒÔ‚, ¸ ÊÎ¥Éµ³ Éµ£µ, ÎÉµ µ´µ ´¥ Ö¢²Ö¥É¸Ö µ¸´µ¢´Ò³ ¸µ-
¸ÉµÖ´¨¥³ Ö¤·  13Be. ‚ · ¡µÉ¥ [193] R-³ É·¨Î´Ò° · ¸Î¥É Ï¨·¨´Ò ¡²¨§µ± ±
Ô±¸¶¥·¨³¥´É ²Ó´µ³Ê §´ Î¥´¨Õ Γ = 0, 3(2) ŒÔ‚ ¢ ¶·¥¤¶µ²µ¦¥´¨¨ µ · ¸¶ ¤¥
¸ ¨¸¶Ê¸± ´¨¥³ ´¥°É·µ´  ¨§ Ê·µ¢´Ö ¸ ` = 2 ¨²¨ ` = 1, ´µ ¸¨²Ó´µ µÉ²¨Î ¥É¸Ö,
±µ£¤  ` = 0. ’ ±¨³ µ¡· §µ³, ÔÉµ³Ê ·¥§µ´ ´¸Ê ³µ¦´µ ¶·¨¶¨¸ ÉÓ ¸¶¨´ ¨ Î¥É-
´µ¸ÉÓ 5/2+ ¨²¨ 1/2−, ¢ Éµ ¢·¥³Ö ± ± 1/2+ ¨¸±²ÕÎ ¥É¸Ö. � ¸Î¥É (·¨¸. 33)
¶·¥¤¸± §Ò¢ ¥É Ê·µ¢¥´Ó 5/2+ ¶·¨ E∗ = 1, 55 ŒÔ‚ (É.¥. Eres = 2, 45 ŒÔ‚). ‚
¸µµÉ¢¥É¸É¢¨¨ ¸ ÔÉ¨³  ¢Éµ·Ò · ¡µÉÒ [193] ¶·¨´Ö²¨ §´ Î¥´¨¥ 5/2+ ¤²Ö Ê·µ¢´Ö
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¸ Ô´¥·£¨¥° Eres = 2 ŒÔ‚. �Ê¦´µ ¤µ¡ ¢¨ÉÓ, ÎÉµ ¢ · ¡µÉ¥ [194] Ìµ·µÏµ
¢µ¸¶·µ¨§¢µ¤¨É¸Ö Ï¨·¨´  ·¥§µ´ ´¸  5/2+.

�µ¤É¢¥·¦¤¥´¨¥³ ¢Ò¢µ¤  µ ¸¶¨´¥ ¨ Î¥É´µ¸É¨ ·¥§µ´ ´¸  5/2+ ¸²Ê¦¨É ·¥-
§Ê²ÓÉ É, ¶µ²ÊÎ¥´´Ò° ¢ [199]. �¢Éµ·Ò ¸· ¢´¨¢ ÕÉ ¸¶¥±É· 13Be ¸ Ô´¥·£¥É¨-
Î¥¸±¨³ ¸¶¥±É·µ³ 11Be ¨§ ·¥ ±Í¨¨ 12C(11B, 12N)11Be (¸³. ·¨¸. 31,¡). ‚¨¤´Ò
¶¨±¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¤¢Ê³ ¸ ³Ò³ ´¨§±¨³ Ê·µ¢´Ö³ 11Be Å µ¸´µ¢´µ³Ê ¸µ-
¸ÉµÖ´¨Õ ¸ ´¥µ¡ÒÎ´µ° Î¥É´µ¸ÉÓÕ (Jπ = 1/2+) ¨ ¶¥·¢µ³Ê ¢µ§¡Ê¦¤¥´´µ³Ê
¸µ¸ÉµÖ´¨Õ (Jπ = 1/2−). �É¨ ¤¢  Ê·µ¢´Ö ¢ ·¥ ±Í¨¨ (11B, 12N) ¸² ¡µ § ¸¥-
²ÖÕÉ¸Ö, ¢ µÉ²¨Î¨¥ µÉ Ê·µ¢´Ö 1,78 ŒÔ‚ (Jπ = 5/2+), ±µÉµ·Ò° § ¸¥²Ö¥É¸Ö
¸ ¡µ²ÓÏ¨³ ¸¥Î¥´¨¥³. ˆ§ ¸· ¢´¥´¨Ö ¸¶¥±É·µ¢ 13Be ¨ 11Be ¢¨¤´  ¨Ì ¨¤¥´-
É¨Î´µ¸ÉÓ. …¸É¥¸É¢¥´´Ò³ µ¡· §µ³ ¸²¥¤Ê¥É ¢Ò¢µ¤ µ Éµ³, ÎÉµ Ê·µ¢¥´Ó ¢ 13Be
¸ Ô´¥·£¨¥° ∼ 2 ŒÔ‚, µ¡´ ·Ê¦¥´´Ò° ¢ ·¥ ±Í¨¨ 14C(11B, 12N)13Be, ¤µ²¦¥´
µ¡² ¤ ÉÓ ¸¶¨´µ³ ¨ Î¥É´µ¸ÉÓÕ Jπ = 5/2+ ¶µ  ´ ²µ£¨¨ ¸ Ê·µ¢´¥³ 1,78 ŒÔ‚ ¢
Ö¤·¥ 11Be.

� ¸¸³µÉ·¨³ ¸É·Ê±ÉÊ·Ê ´ ¨¡µ²¥¥ ´¨§±µ²¥¦ Ð¥£µ ·¥§µ´ ´¸  ¸ Œ.….=
= 33, 95(9) ŒÔ‚, ´ °¤¥´´µ£µ ¢ Ô±¸¶¥·¨³¥´É¥ [199] ¨ ¶·¨¶¨¸ ´´µ£µ µ¸´µ¢´µ³Ê
¸µ¸ÉµÖ´¨Õ 13Be. Š ± ¡Ò²µ Ê¶µ³Ö´ÊÉµ ¢ÒÏ¥, ¥¸ÉÓ ¢¸¥ µ¸´µ¢ ´¨Ö µ¦¨¤ ÉÓ, ÎÉµ
ÔÉµ s-¸µ¸ÉµÖ´¨¥ [201]. � ¸Î¥É ¶µ R-³ É·¨Î´µ° É¥µ·¨¨ ¢ ¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ
µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ ¨³¥¥É ±µ´Ë¨£Ê· Í¨Õ 2s1/2, ¤ ¥É Ï¨·¨´Ê Γ ≈ 1 ŒÔ‚,
ÎÉµ, ¢ ¶·¨´Í¨¶¥, ´¥ ¶·µÉ¨¢µ·¥Î¨É Ô±¸¶¥·¨³¥´ÉÊ [199], ±µÉµ·Ò° ¤µ¶Ê¸± ¥É
É ±ÊÕ ¡µ²ÓÏÊÕ Ï¨·¨´Ê. �´ ²µ£¨Ö ¸¶¥±É·µ¢ 13Be ¨ 11Be ¶µ§¢µ²Ö¥É ²¨ÏÓ
¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ ´ ¡²Õ¤ ¢Ï¥¥¸Ö µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ ¨³¥¥É J = 1/2. �¥´ -
¡²Õ¤¥´¨¥ ¢ · ¡µÉ¥ [193] ¢ ·¥ ±Í¨¨ 13C(14C, 14O)13Be µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö
1/2+, ¢µ§³µ¦´µ, Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ ¤¢ÊÌ ¶·¨Î¨´: 1) ¢ µÉ²¨Î¨¥ µÉ 1d5/2-
µ¡µ²µÎ±¨, ´¥°É·µ´´ Ö µ¡µ²µÎ±  2s1/2 § ¸¥²Ö¥É¸Ö ¸ µÎ¥´Ó ´¨§±¨³ ¸¥Î¥´¨¥³ ¢
·¥ ±Í¨ÖÌ É ±µ£µ É¨¶  ¶·¨ ÔÉ¨Ì Ô´¥·£¨ÖÌ, 2) s-¸µ¸ÉµÖ´¨¥ µ¦¨¤ ¥É¸Ö ¸ µÎ¥´Ó
¡µ²ÓÏµ° Ï¨·¨´µ°, ÎÉµ ´¥²Ó§Ö µ¡´ ·Ê¦¨ÉÓ ¶·¨ ³ ²µ° ¸É É¨¸É¨±¥. ‚Ò¸µ±¨°
Ëµ´ ¢ · ¡µÉ¥ [186] É ±¦¥ ´¥ ¶µ§¢µ²¨² ¸¤¥² ÉÓ ± ±¨Ì-²¨¡µ ´ ¤¥¦´ÒÌ ¢Ò¢µ¤µ¢
µ ¢µ§³µ¦´µ³ ´¨§±µ²¥¦ Ð¥³ s-¸µ¸ÉµÖ´¨¨. �¤´ ±µ, ¸µ£² ¸´µ · ¸Î¥É ³, ±µ´-
Ë¨£Ê· Í¨Ö 1p1/2 ´¥ ³µ¦¥É ¡ÒÉÓ ¶µ²´µ¸ÉÓÕ ¨¸±²ÕÎ¥´ . Š ± ¢¨¤´µ ¨§ ·¨¸. 33,
¢ [41] ¢ · ³± Ì (0 + 1)~ω-¶·µ¸É· ´¸É¢  ¶·¥¤¸± §Ò¢ ¥É¸Ö µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥
1/2− ¢¡²¨§¨ 5/2+-¸µ¸ÉµÖ´¨Ö. …¸²¨ ÔÉµ É ±, Éµ ÔÉµ µ§´ Î ¥É, ÎÉµ ¨³¥¥É ³¥¸Éµ
¨´¢¥·¸¨Ö Ê·µ¢´¥°, ÎÉµ 2s1/2-µ¡µ²µÎ±  ¸¢Ö§ ´  ¨ ²¥¦¨É ´¨¦¥ 1p1/2-µ¡µ²µÎ±¨,
´  ±µÉµ·µ° ¤µ²¦¥´ ´ Ìµ¤¨ÉÓ¸Ö ¶µ¸²¥¤´¨° ´¥Î¥É´Ò° ´¥°É·µ´. �µÔÉµ³Ê ¶µ± 
´¥ ¸ÊÐ¥¸É¢Ê¥É µ¤´µ§´ Î´µ£µ ¢Ò¢µ¤  µ Î¥É´µ¸É¨ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö 13Be.
�Éµ ¤µ²¦´µ Ö¢¨ÉÓ¸Ö ¶·¥¤³¥Éµ³ ¤ ²Ó´¥°Ï¨Ì ¨¸¸²¥¤µ¢ ´¨°.

3.4. Ÿ¤·µ 14Be. ‚ µÉ²¨Î¨¥ µÉ Ö¤·  13Be, Ö¤·µ 14Be, ¨³¥ÕÐ¥¥ ´  µ¤¨´
´¥°É·µ´ ¡µ²ÓÏ¥, Ö¢²Ö¥É¸Ö ¸É ¡¨²Ó´Ò³ Å µ´µ ¶·¨´ ¤²¥¦¨É ± £·Ê¶¶¥ ¡µ·-
·µ³¨´µ¢¸±¨Ì Ö¤¥·. �¥§Ê²ÓÉ ÉÒ, ¶µ²ÊÎ¥´´Ò¥ ¢ Ô±¸¶¥·¨³¥´É Ì ¶µ ¨§³¥·¥´¨Õ
¶µ²´µ£µ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ [20] ¨ ¶µ · ¸¶·¥¤¥²¥´¨Õ ¨³¶Ê²Ó¸  [192], ¤ ÕÉ Ê± -
§ ´¨Ö ´  ¸ÊÐ¥¸É¢µ¢ ´¨¥ ¢ 14Be ¤¢ÊÌ´¥°É·µ´´µ£µ £ ²µ. �¤´ ±µ, ¢ µÉ²¨Î¨e µÉ
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�¨¸. 34. ‘¶¥±É· Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö 14Be ¨§ ·¥ ±Í¨¨ 14C(14C, 14O)14Be ¶·¨ Ô´¥·£¨¨
335,9 ŒÔ‚ ¢ ¤¨ ¶ §µ´¥ 1, 0◦ < θ² ¡ < 3, 5◦ [47]

¤·Ê£µ£µ £ ²µµ¡· §´µ£µ Ö¤·  11Li, Ô´¥·£¨Ö µÉ·Ò¢  ¤¢ÊÌ ´¥°É·µ´µ¢ £ ²µ ¢ 14Be
£µ· §¤µ ¡µ²ÓÏ¥,   ¨³¥´´µ B2n = (1, 34± 0, 11) ŒÔ‚ [56]. 14Be · ¸¸³ É·¨¢ -
¥É¸Ö ± ± Ö¤·µ, ¸µ¸ÉµÖÐ¥¥ ¨§ Ö¤· -±µ·  (12Be) ¶²Õ¸ ¤¢  ¢ ²¥´É´ÒÌ ´¥°É·µ´ .
�¦¨¤ ¥É¸Ö, ÎÉµ ±µ´Ë¨£Ê· Í¨Ö ´¥°É·µ´µ¢ £ ²µ ¸µ¤¥·¦¨É ¢±² ¤ µÉ d-µ·¡¨ÉÒ.

ˆ§µÉµ¶ 14Be ¡Ò² ¢¶¥·¢Ò¥ µ¡´ ·Ê¦¥´ ¢ ·¥ ±Í¨¨ ¸± ²Ò¢ ´¨Ö U+p (4,8 ƒÔ‚)
[202]. �µ¸É ´µ¢±  ÔÉµ£µ Ô±¸¶¥·¨³¥´É  ´¥ ¶µ§¢µ²Ö²  µ¶·¥¤¥²¨ÉÓ ³ ¸¸Ê 14Be.
�¥·¢µ¥ ¨§³¥·¥´¨¥ ³ ¸¸Ò 14Be ¡Ò²µ µ¸ÊÐ¥¸É¢²¥´µ ¢ ·¥ ±Í¨¨ ¤¢µ°´µ° ¶¥-
·¥§ ·Ö¤±¨ ´  ¶¨µ´ Ì 14C(π−, π+)14Be [203]. ˆ§¡ÒÉµ± ³ ¸¸Ò 14Be µ± § ²¸Ö
· ¢´Ò³ Œ.…. = (40, 10±0, 16) ŒÔ‚, µÉ±Ê¤  ¸²¥¤µ¢ ²µ, ÎÉµ ¥¸²¨ ´ ¡²Õ¤¥´´Ò°
¶¨± ¸µµÉ¢¥É¸É¢µ¢ ² µ¸´µ¢´µ³Ê ¸µ¸ÉµÖ´¨Õ, Éµ Ô´¥·£¨Ö ¸¢Ö§¨ ¤¢ÊÌ ´¥°É·µ´µ¢ ¢
Ö¤·¥ 14Be B2n = 1, 12 ŒÔ‚. �Éµ µ§´ Î ²µ, ÎÉµ 14Be ´  0,6 Ä 1 ŒÔ‚ ¡µ²¥¥
¸¢Ö§ ´´Ò°, Î¥³ ¶·¥¤¸± §Ò¢ ²µ¸Ó, ´ ¶·¨³¥· ¢ [69,71,72], ´µ ¸¢Ö§ ´ ¶·¨³¥·´µ
´ ¸Éµ²Ó±µ, ´ ¸±µ²Ó±µ ¶·¥¤¸± §Ò¢ ²µ¸Ó ¢ · ¡µÉ¥ [41].

�¥§Ê²ÓÉ ÉÒ ¶µ ¶·Ö³µ³Ê ¨§³¥·¥´¨Õ ³ ¸¸Ò ¸ ¶µ³µÐÓÕ ¢·¥³Ö¶·µ²¥É´µ£µ
¨§µÌ·µ´´µ£µ ¸¶¥±É·µ³¥É·  TOFI ¶·¥¤¸É ¢²¥´Ò ¢ · ¡µÉ¥ [128], ¢ ±µÉµ·µ°
¨¸¶µ²Ó§µ¢ ² ¸Ó ·¥ ±Í¨Ö Ë· £³¥´É Í¨¨ ³¨Ï¥´¨ ¨§ Th ¶·µÉµ´ ³¨. ˆ§¡ÒÉµ±
³ ¸¸Ò 14Be, µ¶·¥¤¥²¥´´Ò° ¢ ÔÉµ³ Ô±¸¶¥·¨³¥´É¥, Œ.…. = (39, 74±0, 14) ŒÔ‚.
‚ ÔÉµ³ ¸²ÊÎ ¥ Ö¤·µ 14Be µ± § ²µ¸Ó ´  0,36 ŒÔ‚ ¸¨²Ó´¥¥ ¸¢Ö§ ´µ, Î¥³ ¸²¥¤µ-
¢ ²µ ¨§ · ¡µÉÒ [203].
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�¨¸. 35. ‘¶¥±É·Ò ¶·µÉµ´µ¢, ¨§³¥·¥´´Ò¥ ¶·¨ · ¸¸¥Ö´¨¨ 14Be + p [204]

‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ·¥±µ³¥´¤µ¢ ´´Ò³ §´ Î¥´¨¥³ ¤²Ö ¨§¡ÒÉ±  ³ ¸¸Ò 14Be
Ö¢²Ö¥É¸Ö Œ.…. = 39, 88(11) ŒÔ‚, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É Ô´¥·£¨¨ ¸¢Ö§¨ ¤¢ÊÌ ´¥°-
É·µ´µ¢ B2n = 1, 34(11) ŒÔ‚ [56].

�¥¤ ¢´µ ¶µ²ÊÎ¥´  ¨´Ëµ·³ Í¨Ö µ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ 14Be
[47,60,204]. Ÿ¤·µ 14Be ¨§ÊÎ ²µ¸Ó ¢ ·¥ ±Í¨¨ ¤¢µ°´µ° ¶¥·¥§ ·Ö¤±¨
14C(14C,14 )14Be ¶·¨ Ô´¥·£¨¨ ¨µ´µ¢ 14C, · ¢´µ° 335,9 ŒÔ‚ (·¨¸. 34) [47,60].
�¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ 14Be ¢ ÔÉµ° · ¡µÉ¥ ´¥ ´ ¡²Õ¤ ²µ¸Ó. ‚ ¸¶¥±É·¥ 14Be ´ -
¡²Õ¤ ²¸Ö, ±·µ³¥ ²¨´¨° ´  ¶·¨³¥¸ÖÌ 12C ¨ 16O ¢ ³¨Ï¥´¨, Éµ²Ó±µ µ¤¨´ ¶¨±,
±µÉµ·Ò° ¸µµÉ¢¥É¸É¢µ¢ ² ¨§¡ÒÉ±Ê ³ ¸¸Ò Œ.….= 41,47(6) ŒÔ‚. C ¨¸¶µ²Ó§µ¢ -
´¨¥³ §´ Î¥´¨Ö Œ.….(14Be) = 39,88(11) ŒÔ‚ [56] ¤²Ö ÔÉµ£µ Ê·µ¢´Ö ¶µ²ÊÎ¥´ 
Ô´¥·£¨Ö ¢µ§¡Ê¦¤¥´¨Ö E∗ = 1,59(13) ŒÔ‚. ’ ±¨³ µ¡· §µ³, ÔÉµ ¸µ¸ÉµÖ´¨¥ µ± -
§ ²µ¸Ó ´¥¸É ¡¨²Ó´Ò³ ¶µ µÉ´µÏ¥´¨Õ ± · ¸¶ ¤Ê ´  12Be + 2n ´  0,25(6) ŒÔ‚.
˜¨·¨´  Ê·µ¢´Ö ´¥¢¥²¨±  ¨ µ¶·¥¤¥²¥´  · ¢´µ° Γ ≤ 100 ±Ô‚. �Éµ §´ Î¥´¨¥
¡Ò²µ ¶·¨¶¨¸ ´µ ¶¥·¢µ³Ê 2+-Ê·µ¢´Õ ¢ Ö¤·¥ 14Be ¸ ±µ´Ë¨£Ê· Í¨¥° (d5/2)2

¶µ  ´ ²µ£¨¨ ¸ ¶¥·¢Ò³ ¢µ§¡Ê¦¤¥´´Ò³ Ê·µ¢´¥³ 1,77 ŒÔ‚, Éµ¦¥ 2+, ¢ Ö¤·¥ 16C
(Z = 6, N = 10).
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‘ÊÐ¥¸É¢µ¢ ´¨¥ Ê·µ¢´Ö ¶·¨ E∗ = 1, 59 ŒÔ‚ [47,60] ¡Ò²µ ´¥¤ ¢´µ ¶µ¤-
É¢¥·¦¤¥´µ ¶·¨ ¨§³¥·¥´¨¨ ´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ¢Éµ·¨Î´µ£µ ¶ÊÎ±  14Be ¸
Ô´¥·£¨¥° 73,6 ŒÔ‚/� ´  ¶·µÉµ´´µ° ³¨Ï¥´¨ [204]. ‚ ÔÉµ° · ¡µÉ¥ µÉ³¥Î¥´µ
¢µ§¡Ê¦¤¥´´µ¥ ¸µ¸ÉµÖ´¨¥ ¶·¨ E∗ = 1, 6(1) ŒÔ‚,   É ±¦¥ ¶µ²ÊÎ¥´µ Ê± § ´¨¥ µ
¸ÊÐ¥¸É¢µ¢ ´¨¨ ´µ¢µ£µ Ê·µ¢´Ö ¶·¨ E∗ = 4, 1(2) ŒÔ‚, ·¨¸. 35.

‚ · ¸Î¥É Ì [41,195] ¤²Ö ¶¥·¢µ£µ ¢µ§¡Ê¦¤¥´´µ£µ Ê·µ¢´Ö ¶µ²ÊÎ¥´µ Jπ = 2+

¨ ¶·¥¤¸± § ´Ò §´ Î¥´¨Ö E∗ = 1, 95 ŒÔ‚ [41] ¨ ∼ 1, 80 ŒÔ‚ [195], ÎÉµ
´ Ìµ¤¨É¸Ö ¢ Ìµ·µÏ¥³ ¸µ£² ¸¨¨ ¸ Ô±¸¶¥·¨³¥´É ³¨ [47,60,204]. “·µ¢¥´Ó ¢
· °µ´¥ 4,4 ŒÔ‚ (É ±¦¥ ¸ Jπ = 2+) ¡Ò² ¶·¥¤¸± § ´ ¢ [195].

‘É·Ê±ÉÊ·  Ö¤·  14Be · ¸¸Î¨ÉÒ¢ ² ¸Ó ¢ · ¡µÉ¥ [205], £¤¥ ¡Ò²µ ¶µ± § ´µ,
ÎÉµ ¤¢  ¢´¥Ï´¨Ì (¢ ²¥´É´ÒÌ) ´¥°É·µ´  ¢ 14Be ²¥¦ É ´  µ·¡¨É¥ 2s1/2,   ´¥ ´ 
µ·¡¨É¥ 2d5/2. …¸²¨ ¡Ò µ´¨ § ´¨³ ²¨ µ·¡¨ÉÊ 2d5/2, ÔÉµ µ§´ Î ²µ ¡Ò, ÎÉµ 14Be
´¥¸É ¡¨²¥´ ¶µ µÉ´µÏ¥´¨Õ ± ¨¸¶Ê¸± ´¨Õ ¤¢ÊÌ ´¥°É·µ´µ¢. �µÔÉµ³Ê ¨§ · ¸Î¥É 
¸²¥¤Ê¥É, ÎÉµ Ê·µ¢¥´Ó 2d5/2 Ö¢²Ö¥É¸Ö ¢µ§¡Ê¦¤¥´´Ò³, ± ± ÔÉµ ¨ ¶·¥¤¶µ² £ ²µ¸Ó
¢ · ¡µÉ Ì [47,60]. �¥µ¡Ìµ¤¨³µ § ³¥É¨ÉÓ, ÎÉµ · ¸Î¥ÉÒ [193,194] ¶·¥¤¸± §Ò-
¢ ÕÉ ¸ÊÐ¥¸É¢µ¢ ´¨¥ ¶µ¸²¥¤´¥£µ ´¥°É·µ´  ¢ µ¸´µ¢´µ³ ¸µ¸ÉµÖ´¨¨ Ö¤·  13Be ´ 
Ê·µ¢´¥ 2s1/2, ÎÉµ É ±¦¥ ¸µ£² ¸Ê¥É¸Ö ¸ ¢Ò¢µ¤ ³¨ · ¡µÉÒ [205].

ˆ§³¥·¥´¨¥ ¶µ²´µ£µ ¸¥Î¥´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ · ¡µÉ¥ [20] ¶µ§¢µ²¨²µ µ¶·¥-
¤¥²¨ÉÓ ¸·¥¤´¥±¢ ¤· É¨Î´Ò° · ¤¨Ê¸ Ö¤·  14Be, ±µÉµ·Ò° µ± § ²¸Ö · ¢´Ò³
Rmrms = (3, 16 ± 0, 38) Ë³. ’¥µ·¥É¨Î¥¸±¨¥ · ¸Î¥ÉÒ [195,205] · ¸¶·¥¤¥²¥´¨Ö
¶²µÉ´µ¸É¨ ¤²Ö Ö¤¥· 14Be ¨ 12Be É ±¦¥ Ê± §Ò¢ ÕÉ ´  ¶µ¢ÒÏ¥´¨¥ · ¤¨Ê¸  ¨
¸ÊÐ¥¸É¢µ¢ ´¨¥ ´¥°É·µ´´µ£µ £ ²µ ¢ 14Be.

�¥·¢Ò¥ ¨§³¥·¥´¨Ö [206] · ¸¶·¥¤¥²¥´¨Ö ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸  Ë· £³¥´-
Éµ¢ 12Be ¨§ · §¢ ²  14Be→ 12Be + 2n ¶µ± § ²¨, ÎÉµ µ´µ ¨³¥¥É ¤¢ÊÌ±µ³¶µ-
´¥´É´ÊÕ ¸É·Ê±ÉÊ·Ê,  ´ ²µ£¨Î´µ ¸²ÊÎ Õ ¸ Ö¤·µ³ ¤¢ÊÌ´¥°É·µ´´µ£µ £ ²µ 11Li.
‚ · ¡µÉ Ì [192,207] ¡Ò²¨ ¨§³¥·¥´Ò ¶µ¶¥·¥Î´µ¥ ¨ ¶·µ¤µ²Ó´µ¥ · ¸¶·¥¤¥²¥-
´¨Ö ¨³¶Ê²Ó¸  ÔÉ¨Ì Ë· £³¥´Éµ¢ ¨ ¶µ²ÊÎ¥´µ §´ Î¥´¨¥ Γ ≈ 92 − 96 ŒÔ‚/¸.
„²Ö ¸· ¢´¥´¨Ö Å Ï¨·¨´Ò ¨³¶Ê²Ó¸´ÒÌ · ¸¶·¥¤¥²¥´¨° 10Be, ¶µ²ÊÎ¥´´µ£µ
¶·¨ Ë· £³¥´É Í¨¨ 14Be ¨ 12Be: Γ = (185 ± 11) ¨ Γ = (194 ± 9) ŒÔ‚/¸
¸µµÉ¢¥É¸É¢¥´´µ. �¥§Ê²ÓÉ ÉÒ ÔÉ¨Ì Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ · ¡µÉ [192,206,207] ¶µ-
± §Ò¢ ÕÉ, ÎÉµ Ï¨·¨´  ¨³¶Ê²Ó¸´ÒÌ · ¸¶·¥¤¥²¥´¨° 12Be, µ¡· §ÊÕÐ¥£µ¸Ö ¶·¨
Ë· £³¥´É Í¨¨ Ö¤¥· 14Be, ´ ³´µ£µ ³¥´ÓÏ¥ · ¸¶·¥¤¥²¥´¨° ²Õ¡ÒÌ ¤·Ê£¨Ì Ë· £-
³¥´Éµ¢. �Éµ Ê§±µ¥ · ¸¶·¥¤¥²¥´¨¥ Ê± §Ò¢ ¥É ´  ¡µ²ÓÏÊÕ ¶·µ¸É· ´¸É¢¥´´ÊÕ
¶·µÉÖ¦¥´´µ¸ÉÓ ¢ ²¥´É´ÒÌ ´¥°É·µ´µ¢ ¢ 14Be. �Éµ ¸µ£² ¸Ê¥É¸Ö ¸ ± ·É¨´µ° µ
´¥°É·µ´´µ³ £ ²µ ¢ 14Be, ÌµÉÖ ¤²Ö ÔÉµ£µ Ö¤·  B2n = 1, 34 ŒÔ‚ [56]. �Éµ
¸ÊÐ¥¸É¢¥´´µ ¡µ²ÓÏ¥, Î¥³, ´ ¶·¨³¥·, ¤²Ö Ö¤·  11Li (B2n = 0, 310 ŒÔ‚).

�µÔÉµ³Ê Ö¢²Ö¥É¸Ö ¨´É¥·¥¸´Ò³ ¨¸¸²¥¤µ¢ ´¨¥ ¢²¨Ö´¨Ö ¤µ¶µ²´¨É¥²Ó´µ°
Ô´¥·£¨¨ ¸¢Ö§¨ ´  ¸É·Ê±ÉÊ·Ê Ö¤·  14Be. �´µ ¶µ± § ´µ ¸ ¶µ³µÐÓÕ Ê£²µ¢ÒÌ
· ¸¶·¥¤¥²¥´¨° ´¥°É·µ´µ¢.

‚ · ¡µÉ¥ [67] ¨§³¥·Ö²µ¸Ó Ê£²µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥ ´¥°É·µ´  ¢ ¸µ¢¶ ¤¥´¨¨
¸ Ë· £³¥´É ³¨ 12Be µÉ Ë· £³¥´É Í¨¨ 14Be. �µ²ÊÎ¥´  Ï¨·¨´  ¨³¶Ê²Ó¸´µ£µ
· ¸¶·¥¤¥²¥´¨Ö µ¤´µ£µ ´¥°É·µ´  Γ = (47±5) ŒÔ‚/c. �Éµ §´ Î¥´¨¥ ¶µÎÉ¨ ¢ ¤¢ 
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· §  ³¥´ÓÏ¥ §´ Î¥´¨Ö, ¶µ²ÊÎ¥´´µ£µ ¢ ¤·Ê£¨Ì Ô±¸¶¥·¨³¥´É Ì [192,207]. ˆ³¥Õ-
Ð Ö¸Ö ´  ¸¥£µ¤´ÖÏ´¨° ¤¥´Ó ¨´Ëµ·³ Í¨Ö µ Ö¤· Ì 14Be ¨ 13Be ´¥¤µ¸É ÉµÎ´ 
¤²Ö Éµ£µ, ÎÉµ¡Ò ¸¤¥² ÉÓ µ¤´µ§´ Î´ÊÕ ¨´É¥·¶·¥É Í¨Õ ¶µ²ÊÎ¥´´µ° · §´¨ÍÒ.
�¤´ ±µ ¢ · ¡µÉ¥ [208] ÔÉ  · §´¨Í  µ¡ÑÖ¸´Ö¥É¸Ö ¸¨²Ó´µ° ±µ··¥²ÖÍ¨¥° ³¥¦¤Ê
¤¢Ê³Ö ´¥°É·µ´ ³¨ £ ²µ. �¢Éµ·Ò · ¡µÉ [192,207] ¶µ² £ ÕÉ, ÎÉµ ± ± · § ¢ ÔÉµ³
¨ ¶·µÖ¢²Ö¥É¸Ö ¢²¨Ö´¨¥ ¡µ²¥¥ ¢Ò¸µ±µ° Ô´¥·£¨¨ ¸¢Ö§¨ 14Be (B2n = 1, 34 ŒÔ‚)
´  ¸¢µ°¸É¢  ´¥°É·µ´´µ£µ £ ²µ. Ÿ¤·µ 14Be µÉ´µ¸¨É¥²Ó´µ ¸¨²Ó´µ ¸¢Ö§ ´µ, ¢ Éµ
¢·¥³Ö ± ± 13Be ´¥¸É ¡¨²¥´ ´  0,8 ŒÔ‚. �µÔÉµ³Ê nn-¢§ ¨³µ¤¥°¸É¢¨¥ ¤µ²¦´µ
µ¡¥¸¶¥Î¨ÉÓ ± ± ³¨´¨³Ê³ µ±µ²µ 2,1 ŒÔ‚, ÎÉµ¡Ò ¤µ¸É¨ÎÓ Ê± § ´´µ° ¸É ¡¨²Ó-
´µ¸É¨ 14Be. („²Ö ¸· ¢´¥´¨Ö ´ ¶µ³´¨³, ÎÉµ ¤²Ö 11Li ´¥µ¡Ìµ¤¨³  ¤µ¶µ²´¨-
É¥²Ó´ Ö Ô´¥·£¨Ö ¶µ·Ö¤±  ¢¸¥£µ µ±µ²µ 0,5 ŒÔ‚.)

3.5. �µ²¥¥ ÉÖ¦¥²Ò¥ ¨§µÉµ¶Ò ‚¥. �¨ µ¤¨´ ¨§µÉµ¶ ‚¥ ¸ A > 14 ´¥ ´ ¡²Õ-
¤ ²¸Ö ¢ Ô±¸¶¥·¨³¥´É¥. �·¥¤¸± §Ò¢ ¥É¸Ö ¨Ì ´¥¸É ¡¨²Ó´µ¸ÉÓ. ˆ§ÊÎ¥´¨¥ ¨Ì ¢
¸É ´¤ ·É´ÒÌ ·¥ ±Í¨ÖÌ ¶¥·¥¤ Î¨ Ö¢²Ö¥É¸Ö É·Ê¤´µ° § ¤ Î¥°, ¶µ¸±µ²Ó±Ê §´ Î¥-
´¨Ö Q-·¥ ±Í¨¨ ¸¨²Ó´µ µÉ·¨Í É¥²Ó´Ò¥, ± ± ÔÉµ ¢¨¤´µ ¨§ µÍ¥´µ± ¢ É ¡².10,
£¤¥ Ê± § ´Ò ´¥±µÉµ·Ò¥ ·¥ ±Í¨¨, ±µÉµ·Ò¥ ³µ£²¨ ¡Ò ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´Ò ¤²Ö
¸¨´É¥§  ÉÖ¦¥²ÒÌ ¨§µÉµ¶µ¢ ‚¥.

’ ¡²¨Í  10. �¥±µÉµ·Ò¥ ·¥ ±Í¨¨ ¤²Ö ¸¨´É¥§  Ö¤¥· 15Be ¨ 16Be

Ÿ¤·µ �¥ ±Í¨Ö Q, ŒÔ‚

15Be 14C(18O, 17Ne)15Be Ä62,0
10Be(18O, 13O)15Be Ä59,0

16Be 14C(22Ne, 20Mg)16Be Ä79,0
14C(40Ar, 38Ca)16Be Ä69,0

�µ²¥¥ ¢¥·µÖÉ´Ò³ Ö¢²Ö¥É¸Ö ¨¸¶µ²Ó§µ¢ ´¨¥ · ¤¨µ ±É¨¢´ÒÌ ¢Éµ·¨Î´ÒÌ ¶ÊÎ-
±µ¢ ´  ²¥£±¨Ì ³¨Ï¥´ÖÌ ¢ µ¡· É´µ° ±¨´¥³ É¨±¥, ´ ¶·¨³¥·, ·¥ ±Í¨Ö 14Be+d→
→ p+ 15Be, ¤²Ö ±µÉµ·µ° Q-·¥ ±Í¨¨ ¢¸¥£µ Ä5,45 ŒÔ‚, ¨²¨ ·¥ ±Í¨¨ ´  ¤¥°É¥-
·¨¥¢µ° ³¨Ï¥´¨ ¸µ ¸·Ò¢µ³ µ¤´µ£µ ¶·µÉµ´ , ´ ¶·¨³¥· 15B(d, 2p)15Be. �¤´ ±µ
ÔÉ¨ Ô±¸¶¥·¨³¥´ÉÒ É·¥¡ÊÕÉ µÉ´µ¸¨É¥²Ó´µ ¢Ò¸µ±µ° (≥ 103÷4 c−1) ¨´É¥´¸¨¢-
´µ¸É¨ ¶ÊÎ±  · ¤¨µ ±É¨¢´ÒÌ Ö¤¥· 14Be ¨ 15B, ±µÉµ·Ò¥ ¶µÖ¢ÖÉ¸Ö ²¨ÏÓ ¸ § ¶Ê¸-
±µ³ Ë ¡·¨± · ¤¨µ ±É¨¢´ÒÌ ¶ÊÎ±µ¢.

3.6. Š² ¸É¥·¨§ Í¨Ö ¢ ¨§µÉµ¶ Ì ¡¥·¨²²¨Ö. ‚ ¶µ¸²¥¤´¥¥ ¢·¥³Ö ¢µ§·µ¸
¨´É¥·¥¸ ± ¸µ¸ÉµÖ´¨Ö³, µ¡· §µ¢ ´´Ò³ ¨§ ´¥¸±µ²Ó±¨Ì α-Î ¸É¨Í ¶²Õ¸ ´¥¸±µ²Ó±o
´¥°É·µ´µ¢ [186,189,190,209Ä213]. � ¡²Õ¤¥´¨¥ É ±µ£µ ·µ¤  ³µ²¥±Ê²Ö·´ÒÌ ¸µ-
¸ÉµÖ´¨° µ¦¨¤ ¥É¸Ö ¶·¨ Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö ¢¡²¨§¨ ¶µ·µ£µ¢ · §¢ ²  ´  ¸µ-
µÉ¢¥É¸É¢ÊÕÐ¨¥ ¶µ¤¸¨¸É¥³Ò.�·¨§´ ±µ³ ³µ²¥±Ê²Ö·´µ° ¸É·Ê±ÉÊ·Ò ¸²Ê¦¨É ¸Ê-
Ð¥¸É¢µ¢ ´¨¥ ·µÉ Í¨µ´´ÒÌ ¶µ²µ¸ ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³ ³µ³¥´Éµ³ ¨´¥·Í¨¨. �²Ó-
Ë -±² ¸É¥·´ Ö ¸É·Ê±ÉÊ·  ¤ ¢´µ Ê¸É ´µ¢²¥´  ¢ ²¥£±¨Ì Ö¤· Ì ¸ Î¥É´Ò³ N = Z.
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�¨¸. 36. �´¥·£¨Ö ¢µ§¡Ê¦¤¥´¨Ö Ê·µ¢´¥°, ¸µ¸É ¢²ÖÕÐ¨Ì ·µÉ Í¨µ´´Ò¥ ¶µ²µ¸Ò ¤ °³¥·µ¢
¨§ 2α+ x-´Ê±²µ´Ò,   ¨³¥´´µ 9Be, 10Be, 10B ¨ 12Be, ± ± ËÊ´±Í¨Ö J(J + 1) [210]

ˆ§µÉµ¶Ò ¡¥·¨²²¨Ö § ´¨³ ÕÉ ¢ ÔÉµ° ¶·µ¡²¥³¥ µ¸µ¡µ¥ ³¥¸Éµ, ¶µ¸±µ²Ó±Ê
¨³¥ÕÉ¸Ö  ·£Ê³¥´ÉÒ ¢ ¶µ²Ó§Ê ¸ÊÐ¥¸É¢µ¢ ´¨Ö ¸É·Ê±ÉÊ· ¸ ¤¢Ê³Ö Í¥´É· ³¨, É ±
´ §Ò¢ ¥³ÒÌ ®¤ °³¥·µ¢¯ (dimers) [209Ä212]. ‚ ÔÉ¨Ì · ¡µÉ Ì ´  µ¸´µ¢¥ ¨§-
¢¥¸É´µ° ¨´Ëµ·³ Í¨¨ ¸µ¸ÉµÖ´¨Ö ¢ ¡¥·¨²²¨¥¢ÒÌ ¨§µÉµ¶ Ì ¸£·Ê¶¶¨·µ¢ ´Ò ¢
·µÉ Í¨µ´´Ò¥ ¶µ²µ¸Ò ¨ µ¶·¥¤¥²¥´Ò ³µ³¥´ÉÒ ¨´¥·Í¨¨. „²Ö ¶µ´¨³ ´¨Ö ¸É·Ê±-



‘ˆ‹œ���…‰’����ˆ‡�›’�—�›… ˆ‡�’��› 1499

ÉÊ·Ò ÔÉ¨Ì ¨§µÉµ¶µ¢ ¨¸¶µ²Ó§µ¢ ² ¸Ó ±µ··¥²ÖÍ¨µ´´ Ö ¤¨ £· ³³  ´Ê±²µ´µ¢ ´ 
³µ²¥±Ê²Ö·´ÒÌ µ·¡¨É Ì ¢ ¤¢ÊÌÍ¥´É·µ¢µ° ¸¨¸É¥³¥ [214]. �¸É ´µ¢¨³¸Ö ¡µ²¥¥
¶µ¤·µ¡´µ ´  ¢Ò¢µ¤ Ì · ¡µÉ [209Ä212].

•µ·µÏµ ¨§¢¥¸É´µ, ÎÉµ 8Be ¸µ¸Éµ¨É ¨§ ¤¢ÊÌ α-±² ¸É¥·µ¢ [215]. ‚ ÔÉµ³
Ö¤·¥ Ê¸É ´µ¢²¥´  ·µÉ Í¨µ´´ Ö ¶µ²µ¸ , ¶µ¸É·µ¥´´ Ö ´  µ¸´µ¢´µ³ ¸µ¸ÉµÖ´¨¨
(0+(g.s.), 2+(3,04 ŒÔ‚) ¨ 4+(11,4 ŒÔ‚)). Ÿ¤·µ 9Be É ±¦¥ ¨³¥¥É ³µ²¥±Ê²Ö·-
´ÊÕ ¸É·Ê±ÉÊ·Ê ¸ ¤¢Ê³Ö Í¥´É· ³¨, É.¥. ¸µ¸Éµ¨É ¨§ ¤¢ÊÌ Ìµ·µÏµ · §¤¥²¥´´ÒÌ
α-Î ¸É¨Í ¨ µ¤´µ£µ ¢ ²¥´É´µ£µ ´¥°É·µ´ , ±µÉµ·Ò° ¸µ§¤ ¥É ³µ²¥±Ê²Ö·´ÊÕ ¸¢Ö§Ó
¤²Ö α-Î ¸É¨Í. ‡¤¥¸Ó ¨³¥ÕÉ ³¥¸Éµ ¤¢¥ ·µÉ Í¨µ´´Ò¥ ¶µ²µ¸Ò, ¶µ¸É·µ¥´´Ò¥ ´ 
µ¸´µ¢´µ³ ¸µ¸ÉµÖ´¨¨ (3/2−) ¨ ´  ¸µ¸ÉµÖ´¨¨ (1/2+). � Î¨´ Ö ¸ ÔÉ¨Ì ³µ²¥±Ê-
²Ö·´ÒÌ ¸µ¸ÉµÖ´¨° ¸ ¤¢Ê³Ö ´¥°É·µ´ ³¨, ¢ Ö¤·¥ 10Be ¶·¥¤¸± §Ò¢ ÕÉ¸Ö Î¥ÉÒ·¥
¸µ¸ÉµÖ´¨Ö ¢ · °µ´¥ E∗ = 6 ŒÔ‚. „¥°¸É¢¨É¥²Ó´µ, ÔÉ¨ ¸µ¸ÉµÖ´¨Ö ¸ÊÐ¥¸É¢ÊÕÉ.
ˆ§¢¥¸É´Ò¥ γ-¶¥·¥Ìµ¤Ò ¢ 10Be ¨ §´ Î¥´¨Ö ¡µ²¥¥ ¢Ò¸µ±µ²¥¦ Ð¨Ì Ê·µ¢´¥° ¶µ-
§¢µ²¨²¨ ¶µ¸É·µ¨ÉÓ ·µÉ Í¨µ´´Ò¥ ¶µ²µ¸Ò. �  µ¸´µ¢ ´¨¨ ÔÉµ£µ ³µ¦´µ ¶·¥¤¶µ-
²µ¦¨ÉÓ, ÎÉµ Ê·µ¢´¨ ¶·¨ E∗ ∼ 6 ŒÔ‚ Ö¢²ÖÕÉ¸Ö ³µ²¥±Ê²Ö·´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨.
…¸ÉÓ µ¸´µ¢ ´¨Ö ¶·¥¤¶µ² £ ÉÓ ¸ÊÐ¥¸É¢µ¢ ´¨e ¤ °³¥·µ¢ ¨ ¢ Ö¤· Ì 11Be ¨ 12Be.
�  ·¨¸. 36 ¶·¥¤¸É ¢²¥´Ò ·µÉ Í¨µ´´Ò¥ ¶µ²µ¸Ò, ¶µ¸É·µ¥´´Ò¥ ´  µ¸´µ¢ ´¨¨
¸ÊÐ¥¸É¢ÊÕÐ¥° Ô±¸¶¥·¨³¥´É ²Ó´µ° ¨´Ëµ·³ Í¨¨ ¤²Ö Ö¤¥· 9Be, 10Be ¨ 11Be.
�É¸Õ¤  ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ³µ³¥´É ¨´¥·Í¨¨ ¤ °³¥·µ¢ θ, ±µÉµ·Ò° ¤ ¥É ¶·¥¤¸É ¢-
²¥´¨¥ µ Ëµ·³¥ Ö¤¥·. ‘¤¥² ´Ò ¸²¥¤ÊÕÐ¨¥ ¢Ò¢µ¤Ò: ¤²Ö µ¸´µ¢´ÒÌ ¸µ¸ÉµÖ´¨°
9Be ¨ 10Be (¨ 8Be) ~2θ ≈ 0, 5− 0, 6 ŒÔ‚. �Éµ µ§´ Î ¥É, ÎÉµ ¸µ¸ÉµÖ´¨Ö ¤µ¸É -
ÉµÎ´µ ±µ³¶ ±É´Ò¥. „²Ö ·µÉ Í¨µ´´ÒÌ ¶µ²µ¸ ¢µ§¡Ê¦¤¥´´ÒÌ ¤ °³¥·µ¢ ¢ 10Be

∗

¨ 11Be
∗ ~2θ ≈ 0, 23− 0, 25 ŒÔ‚, ÎÉµ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ ¡�µ²ÓÏ¥³ · ¸¸ÉµÖ´¨¨

(µ±µ²µ 4 Ë³) ³¥¦¤Ê ¤¢Ê³Ö α-Î ¸É¨Í ³¨, Î¥³ ¢ ¸²ÊÎ ¥ µ¸´µ¢´ÒÌ ¸µ¸ÉµÖ´¨°.
—Éµ ± ¸ ¥É¸Ö Ö¤·  12Be, Éµ µ ´¥³ ¨³¥¥É¸Ö ³ ²µ ¨´Ëµ·³ Í¨¨. …£µ ¶¥·¢Ò° ¢µ§-
¡Ê¦¤¥´´Ò° Ê·µ¢¥´Ó ´ Ìµ¤¨É¸Ö ¶·¨ Ô´¥·£¨¨ E∗ = 2, 1 ŒÔ‚ ¨ ~2θ ≈ 0, 35 ŒÔ‚.
�¤´ ±µ ¢ ´¥³ É ±¦¥ ³µ¦´µ µ¦¨¤ ÉÓ ¤¢ÊÌÍ¥´É·µ¢Ò¥ ±² ¸É¥·´Ò¥ ¸µ¸ÉµÖ´¨Ö,
± ± ÔÉµ µ¡¸Ê¦¤ ²µ¸Ó ¢ · ¡µÉ Ì [186,204,213], £¤¥ ´ ¡²Õ¤ ²¨¸Ó Ê·µ¢´¨ ¸ Ô´¥·-
£¨¥° ¢µ§¡Ê¦¤¥´¨Ö µÉ 8,6 ¤µ 14 ŒÔ‚, ±µÉµ·Ò¥ ³µ£ÊÉ · ¸¶ ¤ ÉÓ¸Ö ¶ÊÉ¥³ ¨¸¶Ê¸-
± ´¨Ö ¨§µÉµ¶µ¢ £¥²¨Ö (¸³. ·¨¸. 28). �µ¸±µ²Ó±Ê ¨§µÉµ¶Ò 6He ¨ 8He ¸µ¸ÉµÖÉ ¨§
α-±µ·  ¨ ¸² ¡µ¸¢Ö§ ´´ÒÌ ´¥°É·µ´µ¢, ´¥ ¨¸±²ÕÎ¥´µ, ÎÉµ ÔÉ¨ ¸µ¸ÉµÖ´¨Ö ¢ Ö¤·¥
12Be ¨³¥ÕÉ ¸É·Ê±ÉÊ·Ê α+ α+ 4n.

�·µ¡²¥³¥ ±² ¸É¥·¨§ Í¨¨ ¢ ¨§µÉµ¶ Ì ‚¥ ¶µ¸¢ÖÐ¥´Ò É¥µ·¥É¨Î¥¸±¨¥ · ¡µÉÒ
¢ · ³± Ì  ´É¨¸¨³³¥É·¨§µ¢ ´´µ° ³µ²¥±Ê²Ö·´µ° ¤¨´ ³¨±¨ [188Å190,211]. ˆÌ
·¥§Ê²ÓÉ ÉÒ ¸µ£² ¸ÊÕÉ¸Ö ¸ ¶·¥¤²µ¦¥´´µ° ·µÉ Í¨µ´´µ° ¸É·Ê±ÉÊ·µ° ¢µ§¡Ê¦¤¥´-
´ÒÌ ¸µ¸ÉµÖ´¨° ¨ ³µ³¥´Éµ¢ ¨´¥·Í¨¨.

�Î¥¢¨¤´µ, ÎÉµ ¤²Ö ¤ ²Ó´¥°Ï¥£µ µ¶·¥¤¥²¥´¨Ö ¸É·Ê±ÉÊ·Ò ¤ °³¥·µ¢ É·¥¡Ê-
ÕÉ¸Ö ´µ¢Ò¥ Ô±¸¶¥·¨³¥´ÉÒ. �Éµ ¢µ§³µ¦´µ µ¸ÊÐ¥¸É¢¨ÉÓ ´¥¸±µ²Ó±¨³¨ ¸¶µ-
¸µ¡ ³¨: ¶µ¨¸±µ³ ¢Ò¸µ±µ¢µ§¡Ê¦¤¥´´ÒÌ Ê·µ¢´¥° ¢ ÔÉ¨Ì Ö¤· Ì ¸ ¨¸¶µ²Ó§µ¢ -
´¨¥³ ·¥ ±Í¨° ¶¥·¥¤ Î¨ ¸ ÉÖ¦¥²Ò³¨ ¨µ´ ³¨, ¨§ÊÎ¥´¨¥³ ¢§ ¨³µ¤¥°¸É¢¨Ö ³¥¦¤Ê
¤¢Ê³Ö Ë· £³¥´É ³¨ ¨²¨ ´ ¡²Õ¤¥´¨¥³ ¢Ò¸µ±µ¢µ§¡Ê¦¤¥´´ÒÌ Ê·µ¢´¥° ¤ °³¥·µ¢
¶ÊÉ¥³ ·¥£¨¸É· Í¨¨ γ-±¢ ´Éµ¢.
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4. ˆ‡�’��› ����

‘É·Ê±ÉÊ·  ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ ¨§µÉµ¶µ¢ ¡µ·  ´¥ ³¥´¥¥ ¨´É¥·¥¸´ , Î¥³
¸É·Ê±ÉÊ·  ¨§µÉµ¶µ¢ Ô²¥³¥´Éµ¢ ¸ Z < 5. �Ê±²µ´´µ-¸É ¡¨²Ó´Ò¥ ¨§µÉµ¶Ò 14B
¨ 15B ¢¶¥·¢Ò¥ ´ ¡²Õ¤ ²¨¸Ó ¥Ð¥ ¢ 1966 £. [84]. ‘¨´É¥§¨·µ¢ ´ ´ ¨¡µ²¥¥
ÉÖ¦¥²Ò° ¨§µÉµ¶ 19B [216]. ‘µ¢·¥³¥´´Ò¥ Ëµ·³Ê²Ò ³ ¸¸ Ö¤¥· ¶µ± §Ò¢ ÕÉ,
ÎÉµ 19B Å ¶µ¸²¥¤´¨° ´Ê±²µ´´µ-¸É ¡¨²Ó´Ò° ¨§µÉµ¶ ¡µ· . ’ ±¨³ µ¡· §µ³,
£· ´¨Í  ´Ê±²µ´´µ° ¸É ¡¨²Ó´µ¸É¨ ¤²Ö ¨§µÉµ¶µ¢ ¡µ·  µ¶·¥¤¥²¥´  ¤µ¸É ÉµÎ´µ
Ìµ·µÏµ. ˆ§µÉµ¶ 17B ¡Ò² ¶µ²ÊÎ¥´ Ô±¸¶¥·¨³¥´É ²Ó´µ ¢ · ¡µÉ¥ [217]. ‚
[128,218] ¨§³¥·¥´ ¥£µ ¨§¡ÒÉµ± ³ ¸¸Ò. „²Ö 17B µÉ´µÏ¥´¨¥ N/Z = 2, 4,  
¤²Ö 19B N/Z = 2, 8. �É´µ¸¨É¥²Ó´Ò° ¨§¡ÒÉµ± ´¥°É·µ´µ¢ (N −Z)/A = 0, 41 ¨
0,47 ¸µµÉ¢¥É¸É¢¥´´µ. �É¨ ¢¥²¨Î¨´Ò ¤ ²¥±µ ¶·¥¢µ¸Ìµ¤ÖÉ §´ Î¥´¨Ö, µ¶·¥¤¥²Ö-
ÕÐ¨¥ £· ´¨ÍÊ ´Ê±²µ´´µ° ¸É ¡¨²Ó´µ¸É¨. �¥µ¡Ìµ¤¨³µ µÉ³¥É¨ÉÓ, ÎÉµ ¤²¨´´µ°
Í¥¶µÎ±µ° ¨§µÉµ¶µ¢ ¡µ·  Ìµ·µÏµ ¨²²Õ¸É·¨·Ê¥É¸Ö ÔËË¥±É ¸¶ ·¨¢ ´¨Ö: Ö¤· 
15B− 17B− 19B, ¨³¥ÕÐ¨¥ 10, 12 ¨ 14 ´¥°É·µ´µ¢, Å ´Ê±²µ´´µ-¸É ¡¨²Ó´Ò¥,
¢ Éµ ¢·¥³Ö ± ± ¨§µÉµ¶Ò 16B ¨ 18B ¸ 11 ¨ 13 ´¥°É·µ´ ³¨ Å ´¥°É·µ´´µ-
´¥¸É ¡¨²Ó´Ò¥ [216,217,219].

„µ ´¥¤ ¢´¥£µ ¢·¥³¥´¨ ³ ²µ ÎÉµ ¡Ò²µ ¨§¢¥¸É´µ µ ¸É·Ê±ÉÊ·¥ ¨§µÉµ¶µ¢ ¡µ· 
¸ A ≥ 14. �¨¦¥ ³Ò ¶·¥¤¸É ¢¨³ ´µ¢Ò¥ ·¥§Ê²ÓÉ ÉÒ, ¶µ²ÊÎ¥´´Ò¥ ¤²Ö ³ ¸¸Ò
Ö¤·  16B,   É ±¦¥ ¤²Ö ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° 14B ¨ 16B.

4.1. Ÿ¤·µ 14B. B · ¡µÉ¥ [42] ¶·¥¤¸± § ´  ´Ê±²µ´´ Ö ¸É ¡¨²Ó´µ¸ÉÓ Ö¤· 
14B ¸ Ô´¥·£¨¥° ¸¢Ö§¨ 400 ±Ô‚. �µÔÉµ³Ê ¥£µ ¶¥·¢µ¥ ´ ¡²Õ¤¥´¨¥ [84] ¢ ·¥ ±Í¨¨
U + p (5,3 ƒÔ‚) ´¥ Ö¢¨²µ¸Ó ´¥µ¦¨¤ ´´Ò³.

�¥·¢µ¥ ¨§³¥·¥´¨¥ ³ ¸¸Ò 14B ¶·µ¢¥¤¥´µ ¢ ·¥ ±Í¨¨ 14C(7Li, 7Be)14B
¶·¨ Ô´¥·£¨¨ 52 ŒÔ‚ [220]. ˆ§³¥·¥´´µ¥ §´ Î¥´¨¥ Q-·¥ ±Í¨¨ (−21, 499±
±0, 030) ŒÔ‚ ¸µµÉ¢¥É¸É¢µ¢ ²µ ¨§¡ÒÉ±Ê ³ ¸¸Ò Œ.…. = (23, 657± 0, 030) ŒÔ‚.
‚ ÔÉµ° · ¡µÉ¥ É ±¦¥ ¡Ò²µ µ¡´ ·Ê¦¥´µ ´¥¸±µ²Ó±µ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¢
µ¡² ¸É¨ Ô´¥·£¨° ¢µ§¡Ê¦¤¥´¨Ö µÉ 0 ¤µ 3 ŒÔ‚. ‘·¥¤¨ ÔÉ¨Ì ¸µ¸ÉµÖ´¨° Ê·µ¢¥´Ó
2,08 (Jπ = 4−) § ¸¥²Ö²¸Ö ´ ¨¡µ²¥¥ ¨´É¥´¸¨¢´µ. ‘¶¨´Ò ¨ Î¥É´µ¸É¨ ´ ¡²Õ-
¤¥´´ÒÌ Ê·µ¢´¥° ¡Ò²¨ µ¶·¥¤¥²¥´Ò ´  µ¸´µ¢ ´¨¨  ´ ²µ£¨¨ Ô´¥·£¥É¨Î¥¸±¨Ì
¸¶¥±É·µ¢ 14B* ¨ 12B

∗
, ¶µ²ÊÎ¥´´ÒÌ ¢ Éµ³ ¦¥ Ô±¸¶¥·¨³¥´É¥.

�µ¸²¥¤ÊÕÐ¥¥ ¨§³¥·¥´¨¥ ³ ¸¸Ò 14B ¢ ·¥ ±Í¨¨ 14C(14C, 14N)14B ¶·¨
Ô´¥·£¨¨ 87,4 ŒÔ‚ µÎ¥´Ó Ìµ·µÏµ ¸µ£² ¸Ê¥É¸Ö ¸ ¶·¥¤Ò¤ÊÐ¨³: Œ.…. =
= (23, 67 ± 0, 03) ŒÔ‚. �¤´ ±µ ¢ ÔÉµ³ Ô±¸¶¥·¨³¥´É¥ Ê·µ¢¥´Ó 0,74 ŒÔ‚
´¥ ´ ¡²Õ¤ ²¸Ö [221].

…¸²¨ ¶·¨´ÖÉÓ ¸·¥¤´¥¥ §´ Î¥´¨¥ Œ.…. = (23, 667 ± 0, 03) ŒÔ‚, Éµ 14B
¸¢Ö§ ´ ¶µ µÉ´µÏ¥´¨Õ ± ¨¸¶Ê¸± ´¨Õ µ¤´µ£µ ´¥°É·µ´  ¶·¨³¥·´µ ´  0,97 ŒÔ‚.

�µ§¦¥ ¢ · ¡µÉ¥ [222] ¢ ·¥ ±Í¨¨ 14C(π−, γ)14B ´ ¡²Õ¤ ²¸Ö µ¤¨´ ¸¨²Ó-
´Ò° ¶¥·¥Ìµ¤, ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ¢µ§¡Ê¦¤¥´´µ³Ê ¸µ¸ÉµÖ´¨Õ 14B ¶·¨ E∗ =
= (2, 15 ± 0, 17) ŒÔ‚, ±µÉµ·µ³Ê ¡Ò²µ ¶·¨¶¨¸ ´µ Jπ = 2−. ‘µ¸ÉµÖ´¨¥ 4−

¢ ÔÉµ° ·¥ ±Í¨¨ ´¥ ´ ¡²Õ¤ ²µ¸Ó. ‚ ÔÉµ° ¦¥ · ¡µÉ¥ ¡Ò²µ ¶µ²ÊÎ¥´µ Ê± § ´¨¥
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�¨¸. 37. �´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· ¨§ ·¥ ±Í¨¨ 12C(14C, 12N)14B [224]

´  ¢¥·µÖÉ´µ¸ÉÓ ¶¥·¥Ìµ¤µ¢ ± Ê·µ¢´Ö³, ´ Ìµ¤ÖÐ¨³¸Ö ¢ · °µ´¥ 5Ä7 ŒÔ‚, ÎÉµ
¸µµÉ¢¥É¸É¢Ê¥É ¶·¥¤¸± § ´¨Ö³ · ¡µÉÒ [223].

ˆ´Ëµ·³ Í¨Ö µ ¢Ò¸µ±µ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ ¢ Ö¤·¥ 14B ¶µ²ÊÎ¥´  ¶·¨
¨§ÊÎ¥´¨¨ ¥£µ ¸É·Ê±ÉÊ·Ò ¢ ·¥ ±Í¨¨ 12C(14C, 12N)14B ¶·¨ Ô´¥·£¨¨ 334 ŒÔ‚
[224]. �µ²ÊÎ¥´´Ò° Ô´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· ¶µ± § ´ ´  ·¨¸. 37. ‚¨¤´µ, ÎÉµ
´¨¦¥ 3 ŒÔ‚ ´ ¨¡µ²¥¥ ¨´É¥´¸¨¢´µ § ¸¥²Ö¥É¸Ö ¸µ¸ÉµÖ´¨¥ ¸ Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥-
´¨Ö E∗ = 2, 08 ŒÔ‚. �Ò²µ ¸¤¥² ´µ ¶·¥¤¶µ²µ¦¥´¨¥, ÎÉµ ÔÉµ ¸µµÉ¢¥É¸É¢Ê¥É
¸µ¸ÉµÖ´¨Õ 4− ¨§ · ¡µÉÒ [220]. �¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ § ¸¥²Ö²µ¸Ó ¢ ÔÉµ° ·¥ ±-
Í¨¨ ¸² ¡µ, ¶µ¸±µ²Ó±Ê ´¥Î¥É´Ò° ´¥°É·µ´ ¢ 14B ´ Ìµ¤¨É¸Ö ´  2s1/2-µ·¡¨É¥. ‚
Éµ ¦¥ ¢·¥³Ö ¢ÒÏ¥ ¶µ·µ£  ¨¸¶Ê¸± ´¨Ö ¤¢ÊÌ ´¥°É·µ´µ¢ ´ ¡²Õ¤ ²µ¸Ó ´¥¸±µ²Ó±µ
¶¨±µ¢, ´ ¨¡µ²¥¥ ¨´É¥´¸¨¢´Ò¥ ¨§ ±µÉµ·ÒÌ ´ Ìµ¤¨²¨¸Ó ¶·¨ E∗ = 6,96, 8,03 ¨
10,15 ŒÔ‚. �¥ ¨¸±²ÕÎ¥´µ, ÎÉµ ¶µ¢ÒÏ¥´´ Ö ¸É É¨¸É¨±  ¢ µ¡² ¸É¨ 4,5 ŒÔ‚,  
É ±¦¥ ∼ 6 ¨ 8,8 ŒÔ‚ Ê± §Ò¢ ¥É ´  ´ ²¨Î¨e Ê·µ¢´¥° ¢ 14B ¶·¨ ÔÉ¨Ì Ô´¥·£¨ÖÌ.

‚ · ¡µÉ¥ [166] ¶·¨ ¨§ÊÎ¥´¨¨ β-§ ¶ §¤Ò¢ ÕÐ¥£µ ´¥°É·µ´´µ£µ · ¸¶ ¤ 
14Be ´ ¡²Õ¤ ²¸Ö ¶¥·¥Ìµ¤ ± ¸µ¸ÉµÖ´¨Õ ¢ Ö¤·¥ 14B ¶·¨ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥-
´¨Ö (1, 280 ± 0, 021) ŒÔ‚, ±µÉµ·µ³Ê  ¢Éµ·Ò µ¤´µ§´ Î´µ ¶·¨¶¨¸ ²¨ ¸¶¨´ ¨
Î¥É´µ¸ÉÓ Jπ = 1+. �¥¤ ¢´µ ¸µ¸ÉµÖ´¨¥ 1,28 ŒÔ‚ ¸ Ï¨·¨´µ° 60 ±Ô‚ ¡Ò²µ
¶µ¤É¢¥·¦¤¥´µ ¨ ¥³Ê ¶·¨¶¨¸ ´Ò ¸¶¨´ ¨ Î¥É´µ¸ÉÓ Jπ = 0+ ¨²¨ 1+ [225]. ‚
ÔÉµ³ ¦¥ Ô±¸¶¥·¨³¥´É¥ ´ ¡²Õ¤ ²¸Ö ¨ Ê·µ¢¥´Ó ¶·¨ E∗ = 4, 31 ŒÔ‚ (1+).

4.2. Ÿ¤·µ 15B. •µÉÖ ¨§µÉµ¶ 15B ¢¶¥·¢Ò¥ ¸¨´É¥§¨·µ¢ ´ ¥Ð¥ ¢ 1966 £.
[84], ¥£µ ³ ¸¸  ¡Ò²  ¨§³¥·¥´  ³´µ£µ ¶µ§¦¥ [226,227] ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ·¥ ±-
Í¨¨ 48Ca(18O, 15B)51V. ‚µ§¡Ê¦¤¥´´Ò¥ ¸µ¸ÉµÖ´¨Ö ¢ ÔÉ¨Ì Ô±¸¶¥·¨³¥´É Ì ´¥
´ ¡²Õ¤ ²¨¸Ó.
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�¨¸. 38. “·µ¢´¨ ¨§µÉµ¶  15B, ¶·¥¤¸± § ´´Ò¥ ¢ É¥µ·¥É¨Î¥¸±¨Ì · ¡µÉ Ì [41,228,229].
�Ê´±É¨· Å · ¸¸Î¨É ´´Ò° ¶µ·µ£ · ¸¶ ¤  ´  14B + n [228]. �±¸¶¥·¨³¥´É ²Ó´µ¥ §´ -
Î¥´¨¥ ÔÉµ£µ ¶µ·µ£  2,77 ŒÔ‚ [56]

…¸²¨ ¶·¨´ÖÉÓ §´ Î¥´¨¥ Œ.….= (28, 970± 0, 22) ŒÔ‚, Éµ 15B µ± §Ò¢ ¥É¸Ö
¸É ¡¨²Ó´Ò³ ¶µ µÉ´µÏ¥´¨Õ ± · ¸¶ ¤Ê 14B+n ´  2,77 ŒÔ‚ [56], ÎÉµ ´ Ìµ¤¨É¸Ö
¢ Ìµ·µÏ¥³ ¸µ£² ¸¨¨ ¸ ¶·¥¤¸± § ´¨¥³ · ¡µÉÒ [42].

‘É·Ê±ÉÊ·  15B ¨¸¸²¥¤µ¢ ² ¸Ó ¢ · ³± Ì µ¡µ²µÎ¥Î´µ° ³µ¤¥²¨ ¢ ¤¢ÊÌ · §´ÒÌ
¶µ¤Ìµ¤ Ì [41,228],   É ±¦¥ ¢ · ³± Ì  ´É¨¸¨³³¥É·¨§µ¢ ´´µ° ³µ²¥±Ê²Ö·´µ°
¤¨´ ³¨±¨ [229]. �  ·¨¸. 38 ¶·¨¢¥¤¥´Ò ¶·¥¤¸± § ´´Ò¥ ¢ ÔÉ¨Ì · ¡µÉ Ì Ê·µ¢´¨
¨ ¨Ì Ì · ±É¥·¨¸É¨±¨.

4.3. Ÿ¤·µ 16B. �±¸¶¥·¨³¥´É ²Ó´µ ¤µ± § ´µ, ÎÉµ ¨§µÉµ¶ 16B ´¥¸É ¡¨-
²¥´ ¶µ µÉ´µÏ¥´¨Õ ± · ¸¶ ¤Ê 16B→ 15B + n [202,217,219]. …£µ ´¥¸É ¡¨²Ó-
´µ¸ÉÓ ¡Ò²  ¶·¥¤¸± § ´  ¢ · ¡µÉ Ì [42] (Bn = (−1, 0 ± 0, 4) ŒÔ‚), [229]
(Bn = −0, 164 ŒÔ‚),   ¢ · ¡µÉ Ì [41,228] · ¸¸Î¨É ´Ò ¸¶¥±É·Ò Ê·µ¢´¥° 16B.
‘É·Ê±ÉÊ·  ÔÉµ£µ Ö¤·  ¢Ò§Ò¢ ¥É ¨´É¥·¥¸ ¢ ¸¢Ö§¨ ¸ · ¸Î¥É ³¨ ¤²Ö Ö¤·  17B, ÎÓ¥
µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ Ö¢²Ö¥É¸Ö ± ´¤¨¤ Éµ³ ¤²Ö ´¥°É·µ´´µ£µ £ ²µ [230].

‚ · ¡µÉ¥ [47] ¢¶¥·¢Ò¥ ¨§³¥·¥´  ³ ¸¸  16B ¢ ·¥ ±Í¨¨ 14C(14C, 12N)16B
¶·¨ Ô´¥·£¨¨ 336 ŒÔ‚. ‘¶¥±É· 16B ¶µ± § ´ ´  ·¨¸. 39 ¨ ¨³¥¥É ¤µ¸É ÉµÎ´µ
¸²µ¦´ÊÕ ¸É·Ê±ÉÊ·Ê. ‚ µ¡² ¸É¨ µ¦¨¤ ¥³µ£µ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¨³¥¥É¸Ö §´ -
Î¨É¥²Ó´Ò° ¢±² ¤ µÉ ¶·¨³¥¸¨ 12C ¢ ³¨Ï¥´¨ (µÉ ·¥ ±Í¨¨ 12C(14C, 12N)14B). ‘
¶µ³µÐÓÕ ·¥§Ê²ÓÉ Éµ¢ ¨§³¥·¥´¨Ö Ô´¥·£¨° ¢µ§¡Ê¦¤¥´¨Ö Ê·µ¢´¥° 14B, ¶µ²ÊÎ¥´-
´ÒÌ ¢ µÉ¤¥²Ó´µ³ ¨§³¥·¥´¨¨ ¸ ¢Ò¸µ±¨³ · §·¥Ï¥´¨¥³ (¸³. ·¨¸. 37),  ¢Éµ·Ò ¶·µ-
¢¥²¨ ± ²¨¡·µ¢±Ê ¸¶¥±É·  16B. ’ ±¨³ µ¡· §µ³ ¶µ²ÊÎ¥´µ ¤²Ö
Q-·¥ ±Í¨¨ §´ Î¥´¨¥ Q0 = −48, 38(6) ŒÔ‚, ÎÉµ ¤ ²µ ¤²Ö ¨§¡ÒÉ±  ³ ¸¸Ò
16B Œ.…. = 37, 08(6) ŒÔ‚. �Éµ µ§´ Î ¥É, ÎÉµ 16B ´¥¸É ¡¨²¥´ ¶µ µÉ´µÏ¥-
´¨Õ ± ¨¸¶Ê¸± ´¨Õ ´¥°É·µ´  ´  40 ±Ô‚. ‚ ÔÉµ³ Ô±¸¶¥·¨³¥´É¥ ´ ¡²Õ¤ ²¨¸Ó
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�¨¸. 39. ‘¶¥±É· Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö 16B, ¶µ²ÊÎ¥´´µ£µ ¢ ·¥ ±Í¨¨ 14C(14C, 12N)16B
[47]. �µ± § ´Ò É ±¦¥ É·¨ ¶¨± , ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ Ê·µ¢´Ö³ 14B, § ¸¥²¥´´Ò³ ¢ ·¥ ±Í¨¨
12C(14C, 12N)14B ´  ¶·¨³¥¸¨ ¨§ 12C ¢ ³¨Ï¥´¨

É ±¦¥ ·¥§µ´ ´¸Ò ¶·¨ E∗ = 2, 36(7) ¨ 6, 06(8) ŒÔ‚. �µ¸²¥¤´¨° ·¥§µ´ ´¸ ¡Ò²
¤µ¢µ²Ó´µ Ï¨·µ±¨°.

„²Ö ¨´É¥·¶·¥É Í¨¨ ¸¶¥±É·  16B ¶·µ¢¥¤¥´Ò · ¸Î¥ÉÒ ¢ · ³± Ì QRPA [61],
¢ ±µÉµ·ÒÌ ¶·¨ Ô´¥·£¨¨ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¶·µÖ¢²Ö¥É¸Ö É·¨¶²¥É ¸µ¸ÉµÖ´¨°
4−, 3−, 2− ¨§ ±µ´Ë¨£Ê· Í¨¨ [π3/2− ⊗ ν5/2+], ¶·¨ ÔÉµ³ ´ ¨¡µ²¥¥ ¨´É¥´-
¸¨¢´µ 4−-¸µ¸ÉµÖ´¨¥. �É  ±µ´Ë¨£Ê· Í¨Ö µ¸É ¥É¸Ö ¤µ³¨´¨·ÊÕÐ¥° ¢ ¶·¥¤¥² Ì
´¥¸±µ²Ó±¨Ì ŒÔ‚ ¸ ¶µ¸É¥¶¥´´µ Ê¢¥²¨Î¨¢ ÕÐ¨³¸Ö ¸³¥Ï¨¢ ´¨¥³ µÉ ±µ´Ë¨£Ê-
· Í¨¨ [π3/2− ⊗ ν3/2+]. � ¸Î¥É ¸¶¥±É·  Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö 16B ´¥¶²µÌµ
¸µ£² ¸Ê¥É¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨.

Ÿ¤·µ 16B ¨³¥¥É 11 ´¥°É·µ´µ¢, ¨ ¶µ µ¡µ²µÎ¥Î´µ° ³µ¤¥²¨ ³µ¦´µ µ¦¨-
¤ ÉÓ, ÎÉµ ¶µ¸²¥¤´¨° ¨§ ´¨Ì, ¢¥·µÖÉ´¥¥ ¢¸¥£µ, ´ Ìµ¤¨É¸Ö ´  µ·¡¨É¥ 1d5/2.
Œ ²¥´Ó± Ö Ô´¥·£¨Ö ¸¢Ö§¨ ¶µ¸²¥¤´¥£µ ´¥°É·µ´  ¨ Í¥´É·µ¡¥¦´Ò° ¡ ·Ó¥· ¤²Ö
¸µ¸ÉµÖ´¨Ö ¸ ` = 2, ±µÉµ·Ò° ³´µ£µ ¢ÒÏ¥ Ô´¥·£¨¨ · ¸¶ ¤ , ³µ£ÊÉ ¶·¨¢¥¸É¨ ± ¸Ê-
Ð¥¸É¢µ¢ ´¨Õ ±¢ §¨¸É Í¨µ´ ·´µ£µ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¢ 16B ¸ µÉ´µ¸¨É¥²Ó´µ
¡µ²ÓÏ¨³ ¢·¥³¥´¥³ ¦¨§´¨. ‚ · ¡µÉ¥ [61] ÔÉµ ¢·¥³Ö µÍ¥´¨¢ ¥É¸Ö ∼ 10−17 ¸.
…Ð¥ µ¤´  ¶µ¶ÒÉ±  ¸¤¥² ´  ¤²Ö µ¶·¥¤¥²¥´¨Ö ¢·¥³¥´¨ ¦¨§´¨ 16B ¢ · ¡µÉ¥
[231]. Ÿ¤·  16B µ¡· §µ¢Ò¢ ²¨¸Ó ¶·¨ Ë· £³¥´É Í¨¨ ¢Éµ·¨Î´µ£µ ¶ÊÎ±  17C
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¸ Ô´¥·£¨¥° 52 ŒÔ‚/� ´  ³¨Ï¥´¨ ¨§ 12C. �µ²ÊÎ¥´  ²¨ÏÓ ¢¥·Ì´ÖÖ £· ´¨Í 
¢·¥³¥´¨ ¦¨§´¨ 16B (191 ¶¸).

‚ § ±²ÕÎ¥´¨e ´¥µ¡Ìµ¤¨³µ µÉ³¥É¨ÉÓ, ÎÉµ ¢ ¶·¥¤¶µ²µ¦¥´¨¨ µ ´ ²¨Î¨¨ ¶µ-
¸²¥¤´¥£µ ´¥°É·µ´  ´  µ·¡¨É¥ 1d5/2 µ¡µ²µÎ¥Î´ Ö ³µ¤¥²Ó ¶·¥¤¸± §Ò¢ ¥É ¢·¥³Ö
¦¨§´¨ 16B 3, 7 · 10−16 ¸, ¶·¨ Ô´¥·£¨¨ · ¸¶ ¤ , · ¢´µ° 10 ±Ô‚ [231].

4.4. Š² ¸É¥·¨§ Í¨Ö ¢ ¨§µÉµ¶ Ì ‚. ˆ¸¶µ²Ó§µ¢ ²¨¸Ó · §´Ò¥ ¶µ¤Ìµ¤Ò ±
·¥Ï¥´¨Õ § ¤ Î¨ µ ±² ¸É¥·¨§ Í¨¨ ¢ ¨§µÉµ¶ Ì ¡µ· .

‚µ§³µ¦´µ¸ÉÓ ¸ÊÐ¥¸É¢µ¢ ´¨Ö ±² ¸É¥·´µ° ¸É·Ê±ÉÊ·Ò ¨§µÉµ¶µ¢ ¡µ·  · ¸-
¸³ É·¨¢ ² ¸Ó ¢¶¥·¢Ò¥ ¢ · ¡µÉ¥ [232], £¤¥ ¢ ³µ²¥±Ê²Ö·´µ-µ·¡¨É ²Ó´µ° ³µ¤¥²¨
Ö¤·  ¡µ·  µ¶¨¸Ò¢ ²¨¸Ó ± ± ¸µ¸ÉµÖÐ¨¥ ¨§ ±µ· , ¢±²ÕÎ ÕÐ¥£µ ¤¢¥ α-Î ¸É¨ÍÒ,
¶·µÉµ´  ¨ ´¥°É·µ´µ¢ ¢µ±·Ê£ ´¨Ì. �Ò²µ ¶µ± § ´µ, ÎÉµ µ¶É¨³ ²Ó´µ¥ · ¸¸ÉµÖ-
´¨¥ ³¥¦¤Ê ¤¢Ê³Ö α-Î ¸É¨Í ³¨ Ê¢¥²¨Î¨¢ ¥É¸Ö ¶·¨ ¶¥·¥Ìµ¤¥ µÉ 13B ± 17B, É.¥.
¶·¨ N > 8.

‚ · ¡µÉ¥ [233] ¶·¨ ¨¸¸²¥¤µ¢ ´¨¨ Ö¤·  11B ¨¸¶µ²Ó§µ¢ ² ¸Ó ³µ¤¥²Ó, ¢ ±µ-
Éµ·µ° ÔÉµ Ö¤·µ ¶·¥¤¸É ¢²Ö²µ¸Ó ¢ ¢¨¤¥ 7Li(t+ α) + α.

�¤´ ±µ ¸±Ê¤´ Ö ¨´Ëµ·³ Í¨Ö µ ¸É·Ê±ÉÊ·¥ ¡µ²¥¥ ÉÖ¦¥²ÒÌ ¨§µÉµ¶µ¢ ¡µ· 
´¥ ¶µ§¢µ²Ö¥É µ¤´µ§´ Î´µ ¶·¥¤¶µ²µ¦¨ÉÓ ¸ÊÐ¥¸É¢µ¢ ´¨¥ ¢ ´¨Ì ±² ¸É¥·µ¢. �µ-
ÔÉµ³Ê ¨¸¶µ²Ó§µ¢ ´¨¥ ³¥Éµ¤   ´É¨¸¨³³¥É·¨§µ¢ ´´µ° ³µ²¥±Ê²Ö·´µ° ¤¨´ ³¨±¨
(ADM) ¤²Ö ¨§µÉµ¶µ¢ ¡µ·  Ö¢²Ö¥É¸Ö µ¶· ¢¤ ´´Ò³, ¶µ¸±µ²Ó±Ê ¢ ´¥³ ´¥ § -
²µ¦¥´µ ¶·¥¤¶µ²µ¦¥´¨Ö µ¡ ¨§´ Î ²Ó´µ³ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ±² ¸É¥·µ¢ ¢ Ö¤·¥ ¨
 ±¸¨ ²Ó´µ° ¸¨³³¥É·¨¨ ¢ ¤¥Ëµ·³ Í¨¨ [188,189].

‚ · ¡µÉ¥ [229], ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ³¥Éµ¤  AMD, ¡Ò² ¸¤¥² ´ · ¸Î¥É · ¸-
¶·¥¤¥²¥´¨° ¶²µÉ´µ¸É¨ Ö¤¥·´µ° ³ É¥·¨¨,   É ±¦¥ ¶·µÉµ´µ¢ ¨ ´¥°É·µ´µ¢ ¢
¨§µÉµ¶ Ì ‚ (A = 11 − 19). �µ²ÊÎ¥´µ, ÎÉµ Ö¤·µ 11B ¤¥Ëµ·³¨·µ¢ ´µ ¨ ¨³¥¥É
±² ¸É¥·´ÊÕ ¸É·Ê±ÉÊ·Ê. Ÿ¤·µ 13B, Ê ±µÉµ·µ£µ ³ £¨Î¥¸±µ¥ Î¨¸²µ ´¥°É·µ´µ¢
N = 8, Ö¢²Ö¥É¸Ö ¶µÎÉ¨ ¸Ë¥·¨Î¥¸±¨³ ¨ ¨³¥¥É ¸É·Ê±ÉÊ·Ê ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸
µ¡µ²µÎ¥Î´µ° ³µ¤¥²ÓÕ. „²Ö Ö¤¥· 15B, 17B ¨ 19B ¶µ± § ´  ±² ¸É¥·´ Ö ¸É·Ê±-
ÉÊ·  ¸ ¢ÒÉÖ´ÊÉµ° ¤¥Ëµ·³ Í¨¥°, ±µÉµ· Ö Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ ¶·¨¡²¨¦¥´¨¥³ ±
²¨´¨¨ ´¥°É·µ´´µ° ¸É ¡¨²Ó´µ¸É¨. ˆ§³¥´¥´¨¥ ¶²µÉ´µ¸É¨ ´¥°É·µ´µ¢ ¸¢Ö§Ò¢ -
¥É¸Ö ¸ µ¡µ²µÎ¥Î´Ò³¨ ÔËË¥±É ³¨. � ¸¶·¥¤¥²¥´¨¥ ¶·µÉµ´µ¢ ¨³¥¥É  ´ ²µ£¨Î-
´ÊÕ N -§ ¢¨¸¨³µ¸ÉÓ (±² ¸É¥·¨§ Í¨Ö ¸ÊÐ¥¸É¢Ê¥É ¢ 11B, ¤µ¢µ²Ó´µ ¸² ¡  ¢ 13B,
  ¤²Ö µ¡² ¸É¨ N > 8 Î¥É±µ ¢¨¤´  ¶·µÉµ´´ Ö ¶²µÉ´µ¸ÉÓ ¸ ¤¢Ê³Ö ±² ¸É¥· ³¨),
±µÉµ· Ö É ±¦¥ µ¶·¥¤¥²Ö¥É¸Ö µ¡µ²µÎ¥Î´Ò³¨ ÔËË¥±É ³¨ ´¥°É·µ´´ÒÌ µ·¡¨É.
�µ± § ´µ, ÎÉµ ¸É·Ê±ÉÊ·  11B Ö¢²Ö¥É¸Ö ±² ¸É¥·´µ°, É¨¶  7Li(t + α) + α. ‚µ
¢¸¥Ì µ¸É ²Ó´ÒÌ ¨§µÉµ¶ Ì ‚ ¶·µÉµ´Ò £·Ê¶¶¨·ÊÕÉ¸Ö ¶·µ¸É· ´¸É¢¥´´µ ¢ ¤¢ÊÌ
£·Ê¶¶ Ì 2p + 3p ¨ ±² ¸É¥·´Ò¥ ¸É·Ê±ÉÊ·Ò 9Li + α, 11Li + α, 11Li + 6He ¨
11Li + 8He ¶·µÖ¢²ÖÕÉ¸Ö ¢ 13B, 15B, 17B ¨ 19B ¸µµÉ¢¥É¸É¢¥´´µ. ‘¨²Ó´µ ¸± §Ò-
¢ ¥É¸Ö ¢²¨Ö´¨¥ µ¡µ²µÎ±¨ ¸ N = 8. “¢¥²¨Î¥´¨¥ ³¥¦±² ¸É¥·´µ£µ · ¸¸ÉµÖ´¨Ö
Rpp ³¥¦¤Ê ¶·µÉµ´´Ò³¨ ±² ¸É¥· ³¨ (£·Ê¶¶ ³¨ ¨§ ¤¢ÊÌ ¨ É·¥Ì ¶·µÉµ´µ¢) ¸ Ê¢¥-
²¨Î¥´¨¥³ ³ ¸¸Ò Ö¤¥· ¡µ·  £µ¢µ·¨É µ ¶¥·¥Ìµ¤¥ ¸É·Ê±ÉÊ·Ò, ¸µµÉ¢¥É¸É¢ÊÕÐ¥°
µ¡µ²µÎ¥Î´µ° ³µ¤¥²¨, ± ±² ¸É¥·´µ°. �µ¤Î¥·±¨¢ ¥É¸Ö, ÎÉµ ±² ¸É¥·Ò ¢ ¨§µÉµ-
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¶ Ì ¡µ·  µÎ¥´Ó ®·ÒÌ²Ò¥¯. Š·µ³¥ Éµ£µ, µÉ³¥Î ²µ¸Ó, ÎÉµ ¶²µÉ´µ¸É¨ ¶·µÉµ´µ¢
¨ ´¥°É·µ´µ¢ (´Ê±²µ´Ò/Ë³3) ¶µÎÉ¨ µ¤¨´ ±µ¢Ò¥ ¤²Ö Ö¤¥· 11B ¨ 13B, µ¤´ ±µ
´ Î¨´ ÕÉ µÉ²¨Î ÉÓ¸Ö ¤²Ö Ö¤¥· ÉÖ¦¥²¥¥ 15B, ρn(r) > ρp(r) ¶·¨ r > 3 Ë³.
’µ²Ð¨´  ´¥°É·µ´´µ° ®ÏÊ¡Ò¯ 17B µ± §Ò¢ ¥É¸Ö ³¥´ÓÏ¥ 1 Ë³, É.¥. ´¥§´ Î¨-
É¥²Ó´µ°. �µ²¥¥ ´¥µ¦¨¤ ´´´Ò³ µ± § ²¸Ö ·¥§Ê²ÓÉ É, ¶µ± §Ò¢ ÕÐ¨°, ÎÉµ ´¥°-
É·µ´´ Ö ®ÏÊ¡ ¯ ¢ 19B É ± Ö ¦¥, ± ± ¢ 17B. �ÉµÉ ÔËË¥±É µ¡ÑÖ¸´Ö¥É¸Ö É¥³, ÎÉµ
¶·µÉµ´´ Ö ¶²µÉ´µ¸ÉÓ É ±¦¥ Ê¢¥²¨Î¨¢ ¥É¸Ö, ¸²¥¤ÊÖ §  ´¥°É·µ´´µ° ¶²µÉ´µ¸ÉÓÕ,
  · §´¨Í  ³¥¦¤Ê ´¨³¨ ¶· ±É¨Î¥¸±¨ ´¥ ³¥´Ö¥É¸Ö.

4.5. „ ²Ó´¥°Ï¥¥ ¨¸¸²¥¤µ¢ ´¨¥ ¨§µÉµ¶µ¢ ¡µ· . ˆ¸¸²¥¤µ¢ ´¨¥ ´¥°É·µ´µ-
¨§¡ÒÉµÎ´ÒÌ ¨§µÉµ¶µ¢ ¡µ·  ³µ¦´µ ¶·µ¤µ²¦¨ÉÓ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ·¥ ±Í¨° ± ±
¸ ¶¥·¢¨Î´Ò³¨, É ± ¨ ¸ · ¤¨µ ±É¨¢´Ò³¨ ¶ÊÎ± ³¨ ¢ ¨´¢¥·¸´µ° ±¨´¥³ É¨±¥. �¥-
¸±µ²Ó±µ É ±¨Ì ·¥ ±Í¨° ¶·¨¢¥¤¥´µ ¢ É ¡².11. ˆ§ É ¡²¨ÍÒ ¢¨¤´µ, ÎÉµ ·¥ ±Í¨¨
´  ¢Éµ·¨Î´ÒÌ ¶ÊÎ± Ì ¶µ ¸· ¢´¥´¨Õ ¸ ·¥ ±Í¨Ö³¨ ´  ¶¥·¢¨Î´ÒÌ ¶ÊÎ± Ì ¨³¥ÕÉ
£µ· §¤µ ¡µ²¥¥ ¶µ²µ¦¨É¥²Ó´Ò¥ §´ Î¥´¨Ö Q-·¥ ±Í¨¨. �µÔÉµ³Ê µ¤´µ° ¨§ § ¤ Î
Ë ¡·¨± · ¤¨µ ±É¨¢´ÒÌ ¶ÊÎ±µ¢ ³µ¦¥É ¡ÒÉÓ ¨¸¸²¥¤µ¢ ´¨¥ ¸É·Ê±ÉÊ·Ò ÉÖ¦¥²ÒÌ
¨§µÉµ¶µ¢ ¡µ· .

’ ¡²¨Í  11. �¥ ±Í¨¨ ¤²Ö ¨§ÊÎ¥´¨Ö ¨§µÉµ¶µ¢ ¡µ· 

Ÿ¤·µ �¥ ±Í¨Ö Q, ŒÔ‚

15B 14C(15N, 14O)15B Ä33,8
11B(18O, 14O)15B Ä29,1
14C(18O, 17F)15B Ä28,7

15B(p, p′)15B
14B(d, p)15B 0,54

16B 11B(18O, 13O)16B Ä52,4
15B(d, p)16B Ä2,27

17B 15B(t, p)17B Ä7,09

5. ‡�Š‹�—…�ˆ…

„ ´´ Ö · ¡µÉ  ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¢Éµ·ÊÕ Î ¸ÉÓ µ¡§µ·  µ ¸É·Ê±ÉÊ·¥ ²¥£-
±¨Ì ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ Ö¤¥·. ‚ µ¶Ê¡²¨±µ¢ ´´µ° ¶¥·¢µ° Î ¸É¨ [234] ¡Ò²¨
· ¸¸³µÉ·¥´Ò ¸¢µ°¸É¢  ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ Ö¤¥· ²¥£±¨Ì Ô²¥³¥´Éµ¢ ¨ ¶·µ-
¡²¥³Ò, µ¡ÑÖ¸´ÖÕÐ¨¥ ¢µ§·µ¸Ï¨° ¨´É¥·¥¸ ± ¨Ì ¨§ÊÎ¥´¨Õ. �Ò²¨ · ¸¸³µÉ·¥´Ò
·¥ ±Í¨¨, ¨¸¶µ²Ó§Ê¥³Ò¥ ¤²Ö ¶µ²ÊÎ¥´¨Ö É ±¨Ì Ö¤¥·. �¸µ¡µ¥ ¢´¨³ ´¨¥ Ê¤¥²¥´µ
³¥Ì ´¨§³Ê ·¥ ±Í¨° ¶¥·¥¤ Î¨ ´¥¸±µ²Ó±¨Ì ´Ê±²µ´µ¢, Ê¸¶¥Ï´µ ¨¸¶µ²Ó§Ê¥³ÒÌ
¤²Ö ¸¶¥±É·µ¸±µ¶¨Î¥¸±¨Ì ¨¸¸²¥¤µ¢ ´¨° ²¥£±¨Ì Ô±§µÉ¨Î¥¸±¨Ì Ö¤¥· ¢ µ¡² ¸É¨
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£· ´¨ÍÒ ´¥°É·µ´´µ° ¸É ¡¨²Ó´µ¸É¨. � ¸¸³ É·¨¢ ²¨¸Ó ¨ ¢µ§³µ¦´µ¸É¨ ¨¸¸²¥¤µ-
¢ ´¨Ö ¸É·Ê±ÉÊ·Ò Ô±§µÉ¨Î¥¸±¨Ì Ö¤¥· ¢ ·¥ ±Í¨ÖÌ ¸ · ¤¨µ ±É¨¢´Ò³¨ ¶ÊÎ± ³¨.

‚µ ¢Éµ·µ° Î ¸É¨ ³Ò ¶µ¶ÒÉ ²¨¸Ó ¶·¥¤¸É ¢¨ÉÓ ¶µ²ÊÎ¥´´ÊÕ ¢ ¶µ¸²¥¤´¨¥
´¥¸±µ²Ó±µ ²¥É ¨´Ëµ·³ Í¨Õ, ±µÉµ· Ö, ´  ´ Ï ¢§£²Ö¤, ¶µ§¢µ²Ö¥É ¨³¥ÉÓ ¶·¥¤-
¸É ¢²¥´¨¥ µ Éµ³ ¡µ²ÓÏµ³ ¶·µ£·¥¸¸¥, ±µÉµ·Ò° ¡Ò² ¤µ¸É¨£´ÊÉ ¢ ¨§ÊÎ¥´¨¨
¸É·Ê±ÉÊ·Ò Ö¤· . �Éµ ¶·µ¨§µÏ²µ ¡² £µ¤ ·Ö · §¢¨É¨Õ Ô±¸¶¥·¨³¥´É ²Ó´µ° ¨
Ê¸±µ·¨É¥²Ó´µ° É¥Ì´¨±¨. ‘ ³Ò¥ ¶µ¸²¥¤´¨¥ ·¥§Ê²ÓÉ ÉÒ ¶µ²ÊÎ¥´Ò ¸ ¨¸¶µ²Ó-
§µ¢ ´¨¥³ · ¤¨µ ±É¨¢´ÒÌ Ô±§µÉ¨Î¥¸±¨Ì ³¨Ï¥´¥°, É ±¨Ì, ± ± 14C ¨ 10Be,  
É ±¦¥ · ¤¨µ ±É¨¢´ÒÌ ¶ÊÎ±µ¢. ‘¨´É¥§ ¨ ¨¸¸²¥¤µ¢ ´¨¥ ¸¢µ°¸É¢ ²¥£±¨Ì ´¥°É·µ-
´µ¨§¡ÒÉµÎ´ÒÌ Ö¤¥·, ¢ ¶¥·¢ÊÕ µÎ¥·¥¤Ó, ¤ ÕÉ ¢µ§³µ¦´µ¸ÉÓ Ê¸É ´µ¢¨ÉÓ £· ´¨ÍÊ
³¥¦¤Ê ¸¢Ö§ ´´Ò³¨ ¨ ´¥¸¢Ö§ ´´Ò³¨ Ö¤· ³¨, É.¥. £· ´¨ÍÒ ´¥°É·µ´´µ° ¸É ¡¨²Ó-
´µ¸É¨. ˆ§ ¨§¢¥¸É´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¸²¥¤Ê¥É, ÎÉµ £· ´¨Í  ´¥°-
É·µ´´µ° ¸É ¡¨²Ó´µ¸É¨ ¤µ¸É¨£´ÊÉ  ²¨ÏÓ ¤²Ö ¸ ³ÒÌ ²¥£±¨Ì Ô²¥³¥´Éµ¢ (Z < 10).
‡¤¥¸Ó ³Ò µ¸É ´µ¢¨²¨¸Ó ´  ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ ¨§µÉµ¶ Ì ²¥£±¨Ì Ô²¥³¥´Éµ¢ ¸
2 ≤ Z ≤ 5, ¨§µÉµ¶ ³ Ô²¥³¥´Éµ¢ ¸ Z ≥ 6 ¡Ê¤¥É ¶µ¸¢ÖÐ¥´  ¸²¥¤ÊÕÐ Ö Î ¸ÉÓ
µ¡§µ· . �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶µ ´¥°É·µ´µ¨§¡ÒÉµÎ´Ò³ Ö¤· ³ Ö¢²ÖÕÉ¸Ö
¢ ¦´Ò³ ¨¸ÉµÎ´¨±µ³ ¨´Ëµ·³ Í¨¨, ´¥µ¡Ìµ¤¨³µ° ¤²Ö ¶·µ¢¥·±¨ ¨ · §¢¨É¨Ö ¸Ê-
Ð¥¸É¢ÊÕÐ¨Ì É¥µ·¥É¨Î¥¸±¨Ì ³µ¤¥²¥°.

�¤´ ±µ, ´¥¸³µÉ·Ö ´  Éµ, ÎÉµ ¢ ¶µ¸²¥¤´¨¥ £µ¤Ò ¡Ò² ¸¤¥² ´ ¡µ²ÓÏµ° Ï £
¢ ¨§ÊÎ¥´¨¨ ¸¢µ°¸É¢ Ô±§µÉ¨Î¥¸±¨Ì Ö¤¥·, ¢¸¥ ¥Ð¥ µ¸É ²µ¸Ó ³´µ£µ ´¥·¥Ï¥´´ÒÌ
¶·µ¡²¥³. ‚ ¶·¨´Í¨¶¥, ³Ò ·¥±µ³¥´¤Ê¥³ Î¨É É¥²Ö³, ¨´É¥·¥¸ÊÕÐ¨³¸Ö  ±ÉÊ-
 ²Ó´µ¸ÉÓÕ ¤ ´´µ° É¥³ É¨±¨, µ¡· É¨ÉÓ¸Ö ± ³ É¥·¨ ² ³ ´¥±µÉµ·ÒÌ ³¥¦¤Ê´ -
·µ¤´ÒÌ ±µ´Ë¥·¥´Í¨° [235Ä238],   É ±¦¥ ± · ´¥¥ µ¶Ê¡²¨±µ¢ ´´Ò³ µ¡§µ· ³
[1,201,239Ä242].

‚ § ±²ÕÎ¥´¨e  ¢Éµ·Ò ¡² £µ¤ ·ÖÉ �.–.�£ ´¥¸Ö´ , ‚.Ëµ´ �¥·ÉÍ¥´ ,
�.�.�£²µ¡²¨´ , �.�.Šµ·Ï¥´¨´´¨±µ¢  ¨ �.�.ƒ ´£·¸±µ£µ §  ¶µ²¥§´Ò¥ µ¡¸Ê¦-
¤¥´¨Ö ¶·¥¤¸É ¢²¥´´µ£µ ³ É¥·¨ ²  ¢ ¶·µÍ¥¸¸¥ ¥£µ ¶µ¤£µÉµ¢±¨ ± ¶¥Î É¨. �¢Éµ·Ò
¡² £µ¤ ·´Ò É ±¦¥ ‡.„.�µ±·µ¢¸±µ° §  ¶µ³µÐÓ ¢ µËµ·³²¥´¨¨ ·Ê±µ¶¨¸¨.
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‚.ˆ.ŠÊ§´¥Íµ¢, �.Š.‘±µ¡¥²¥¢

�¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°, „Ê¡´ 

�¡§µ· ¶µ¸¢ÖÐ¥´ ¨¸¸²¥¤µ¢ ´¨Õ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö. ‡ ¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥´¨¥ Å · ¸-
¶·µ¸É· ´¥´´Ò° ¢¨¤ · ¤¨µ ±É¨¢´µ£µ · ¸¶ ¤  ÉÖ¦¥²ÒÌ Ö¤¥· ¸ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏµ° ¢¥²¨Î¨´µ°
Ô´¥·£¨¨ Qβ . � ¸¶ ¤ ÕÐ¥¥¸Ö ³ É¥·¨´¸±µ¥ Ö¤·µ (K-§ Ì¢ É ¨²¨ β−-· ¸¶ ¤) § ¸¥²Ö¥É ¢µ§¡Ê¦¤¥´-
´Ò¥ ¸µ¸ÉµÖ´¨Ö ¤µÎ¥·´¨Ì Ö¤¥·, ±µÉµ·Ò¥ § É¥³ ¤¥²ÖÉ¸Ö. � ¸¸³µÉ·¥´Ò µ¸´µ¢´Ò¥ ¨¤¥¨ µ · §¢¨É¨¨
¨¸¸²¥¤µ¢ ´¨° § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö, ¢µ§³µ¦´µ¸ÉÓ µ¶·¥¤¥²¥´¨Ö ¢Ò¸µÉ ¡ ·Ó¥·µ¢ ¤¥²¥´¨Ö  Éµ³-
´ÒÌ Ö¤¥· ¶µ ¤ ´´Ò³ µ¡ ¨§³¥·¥´¨ÖÌ ¢¥·µÖÉ´µ¸É¨ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö ¨ ·µ²Ó § ¶ §¤Ò¢ ÕÐ¥£µ
¤¥²¥´¨Ö ¢ ¶·µÍ¥¸¸ Ì Ö¤¥·´µ£µ ¸¨´É¥§  ¢ ¨³¶Ê²Ó¸´ÒÌ ´¥°É·µ´´ÒÌ ¶µÉµ± Ì Ö¤¥·´ÒÌ ¢§·Ò¢µ¢
¨ ¢ r-¶·µÍ¥¸¸¥. �¡· Ð¥´µ ¢´¨³ ´¨¥ ´  ¸²¥¤ÊÕÐ¨¥  ¸¶¥±ÉÒ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö: ¨§³¥-
·¨É¥²Ó´Ò¥ ¨ ¤¥É¥±É¨·ÊÕÐ¨¥ ¸·¥¤¸É¢ , µ¡² ¸É¨ ³ É¥·¨´¸±¨Ì Ö¤¥· § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö ¤µ
§ ³±´ÊÉÒÌ Ö¤¥·´ÒÌ µ¡µ²µÎ¥± N = 126 ¨ Z = 82, ¸·¥¤´ÖÖ ¶µ²´ Ö ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö µ¸±µ²-
±µ¢ ¤¥²¥´¨Ö, ¨§³¥·¥´¨¥ ¸µ¢¶ ¤¥´¨Ö µ¸±µ²±µ¢ ¤¥²¥´¨Ö ¸ ·¥´É£¥´µ¢¸±¨³ ¨§²ÊÎ¥´¨¥³ K-§ Ì¢ É 
¤µÎ¥·´¥£µ ¤¥²ÖÐ¥£µ¸Ö Ö¤· .

The review is devoted to the investigations of the delayed ˇssion (DF). The delayed ˇssion is
general decay mode for heavy nuclei with sufˇciently large Qβ values. A decaying parent nucleus
(electron capture or β− decay) populates excited states in its daughter nucleus, which then ˇssions.
Basic theoretical ideas about evolution of delayed ˇssion, the possibility of determining the ˇssion
barrier heights of the nuclear ˇssion from the measured probabilities PDF and the role of delayed
ˇssion in nuclear synthetic processes that occur in pulses neutron 
uxes of nuclear tests and the
r-process are considered. There are following aspects of the delayed ˇssion in question: the measure
and detection systems, the regions of the delayed ˇssion predecessors before closed nuclear shells
N = 126 and Z = 82, the average total kinetic energy of ˇssion fragments of DF daughter nuclei,
the measure ˇssion fragments coincident with the K-capture x rays of decaying daughter nucleus.

‚‚…„…�ˆ…

‡ ¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥´¨¥, ´ ·Ö¤Ê ¸µ ¸¶µ´É ´´Ò³ ¤¥²¥´¨¥³ ¨ ¸¶µ´É ´´µ
¤¥²ÖÐ¨³¨¸Ö ¨§µ³¥· ³¨ Ëµ·³Ò, µÉ´µ¸¨É¸Ö ± ³µ¤ ³ ¤¥²¥´¨Ö ¨§ ´¨§±µ²¥¦ Ð¨Ì
¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¨ ¤ ¥É ¤µ¶µ²´¨É¥²Ó´Ò¥ ¤ ´´Ò¥ ¤²Ö ¶µ´¨³ ´¨Ö ¤¨-
´ ³¨±¨ ¶·µÍ¥¸¸  ¤¥²¥´¨Ö ¶·¨ ¸É·¥³²¥´¨¨ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¤¥²ÖÐ¥£µ¸Ö
Ö¤·  ± ´Ê²Õ.

‚¶¥·¢Ò¥ ¤¥²ÖÐ¨¥¸Ö ¶·µ¤Ê±ÉÒ ¢ ³¨´ÊÉ´µ³ ¤¨ ¶ §µ´¥ ¶¥·¨µ¤µ¢ ¶µ²Ê· ¸-
¶ ¤  µ¡´ ·Ê¦¥´Ò ¢ ‹ ¡µ· Éµ·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¨³. ƒ.�.”²¥·µ¢  �ˆŸˆ ¢
1966 £. ¢ µ¶ÒÉ Ì ¶µ ¸¨´É¥§Ê ´¥°É·µ´µ¤¥Ë¨Í¨É´ÒÌ ÉÖ¦¥²ÒÌ Ö¤¥· ¸ Í¥²ÓÕ ¶µ-
¨¸±  ¸¶µ´É ´´µ ¤¥²ÖÐ¨Ì¸Ö ¨§µ³¥·µ¢ Ëµ·³Ò [1]. ‡ É¥³ Ö¤·  ¡Ò²¨ ¨¤¥´É¨Ë¨-
Í¨·µ¢ ´Ò ¢ ·¥ ±Í¨ÖÌ ´  ¶ÊÎ± Ì Ê¸±µ·¥´´ÒÌ ÉÖ¦¥²ÒÌ ¨µ´µ¢, ¨ ¸¤¥² ´ ¢Ò¢µ¤
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µ Éµ³, ÎÉµ Ö¤· -¶·¥¤Ï¥¸É¢¥´´¨±¨ ¤¥²ÖÐ¨Ì¸Ö ´Ê±²¨¤µ¢, ¢¥·µÖÉ´¥¥ ¢¸¥£µ, ¨¸-
¶ÒÉÒ¢ ÕÉ K-§ Ì¢ É,   µ¡· §µ¢ ¢Ï¨¥¸Ö ¤µÎ¥·´¨¥ Ö¤·  ¨¸¶ÒÉÒ¢ ÕÉ ¤¥²¥´¨¥ ¨§
¢µ§¡Ê¦¤¥´´µ£µ ¸µ¸ÉµÖ´¨Ö [2Ä4] (¸³. ·¨¸. 1). ’ ±µ° ¶·µÍ¥¸¸ ¤¥²¥´¨Ö ´¥°É·µ´µ-
¤¥Ë¨Í¨É´ÒÌ ÉÖ¦¥²ÒÌ Ö¤¥·, Ê¤ ²¥´´ÒÌ µÉ ²¨´¨¨ β-¸É ¡¨²Ó´µ¸É¨, ¶µ  ´ ²µ£¨¨
¸ § ¶ §¤Ò¢ ÕÐ¨³ ¨¸¶Ê¸± ´¨¥³ ´Ê±²µ´µ¢ ´ §¢ ´ ´ ³¨ § ¶ §¤Ò¢ ÕÐ¨³ ¤¥²¥-
´¨¥³. �¢Éµ· ³ ÔÉ¨Ì · ¡µÉ ¡Ò² ¢Ò¤ ´ ¤¨¶²µ³ [5] ´  µÉ±·ÒÉ¨¥ § ¶ §¤Ò¢ ÕÐ¥£µ
¤¥²¥´¨Ö Ö¤¥· ¸ ¶·¨µ·¨É¥Éµ³ µÉ 12 ¨Õ²Ö 1971 £.

�´¥·£¨Ö β-· ¸¶ ¤  Qβ ÉÖ¦¥²ÒÌ Ö¤¥· ¸ Ê¤ ²¥´¨¥³ µÉ ²¨´¨¨ β-¸É ¡¨²Ó-
´µ¸É¨ (¸ ·µ¸Éµ³ ¨Ì ´¥°É·µ´´µ£µ ¤¥Ë¨Í¨É  ¨²¨ ¨§¡ÒÉ±  ´¥°É·µ´µ¢) ¸É ´µ¢¨É¸Ö
¸µ¨§³¥·¨³µ° ¸ ¢Ò¸µÉµ° ¡ ·Ó¥·  ¤¥²¥´¨Ö ¤µÎ¥·´¨Ì Ö¤¥· ¨ ¤ ¦¥ ¶·¥¢ÒÏ ¥É ¥¥.
Š ± ¶· ¢¨²µ, ¶µ¸²¥ β-· ¸¶ ¤  ¤µÎ¥·´¨¥ Ö¤·  µ± §Ò¢ ÕÉ¸Ö ´¥ Éµ²Ó±µ ¢ µ¸´µ¢-
´µ³, ´µ ¨ ¢ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ. Šµ£¤  Ô´¥·£¨Ö ¢µ§¡Ê¦¤¥´´µ£µ ¸µ¸Éµ-
Ö´¨Ö E∗ (E∗ ∼ Qβ) ¸µ¨§³¥·¨³  ¸ ¢Ò¸µÉµ° Bf ¡ ·Ó¥·  ¤¥²¥´¨Ö ¤µÎ¥·´¥£µ
Ö¤·  ¨²¨ ¢ÒÏ¥ ´¥£µ, ¢¥·µÖÉ´µ¸ÉÓ § ¸¥²¥´¨Ö ¢ µ¡² ¸É¨ Bf ³µ¦¥É µ± § ÉÓ¸Ö
§ ³¥É´µ° ¢¥²¨Î¨´µ°, ¨ ¤¥²¥´¨¥ ¡Ê¤¥É ±µ´±Ê·¨·µ¢ ÉÓ ¸ ¤·Ê£¨³¨ ¡Ò¸É·Ò³¨
¶·µÍ¥¸¸ ³¨ · ¸¶ ¤  ¤µÎ¥·´¥£µ Ö¤· , ´ ¶·¨³¥·, c ¨¸¶Ê¸± ´¨¥³ γ-±¢ ´Éµ¢ ¨²¨
§ ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·µ´µ¢. � ·Ö¤Ê ¸ ÔÉ¨³ ´¥µ¡Ìµ¤¨³µ, ÎÉµ¡Ò ¢¥·µÖÉ´µ¸É¨
β-· ¸¶ ¤  ¨²¨ Ô²¥±É·µ´´µ£µ § Ì¢ É  (…‘) ³ É¥·¨´¸±µ£µ Ö¤·  ´¥ ¶µ¤ ¢²Ö²¨¸Ó
¶ · ²²¥²Ó´µ ¶·µÌµ¤ÖÐ¨³¨ ¶·µÍ¥¸¸ ³¨ · ¸¶ ¤ , ´ ¶·¨³¥·, ¢ µ¡² ¸É¨ ´¥°É·µ-
´µ¤¥Ë¨Í¨É´ÒÌ Ö¤¥·, α-· ¸¶ ¤µ³. …¸²¨ ÔÉ¨ Ê¸²µ¢¨Ö ¸µ¡²Õ¤¥´Ò, Éµ ¤¥²¥´¨¥
¤µÎ¥·´¨Ì Ö¤¥· ¶µ¸²¥ EC/β−-· ¸¶ ¤  ¤µ¸ÉÊ¶´µ Ô±¸¶¥·¨³¥´É ²Ó´µ³Ê ´ ¡²Õ¤¥-
´¨Õ. �¥·¨µ¤ ¶µ²Ê· ¸¶ ¤ , ¨§³¥·¥´´Ò° ¶µ ¢·¥³¥´´µ³Ê · ¸¶·¥¤¥²¥´¨Õ µ¸±µ²-
±µ¢ ¤¥²¥´¨Ö, · ¢¥´ ¶¥·¨µ¤Ê β-· ¸¶ ¤  ³ É¥·¨´¸±µ£µ Ö¤· , É ± ± ± ¤¥²¥´¨¥
¤µÎ¥·´¥£µ Ö¤·  § ¤¥·¦¨¢ ¥É¸Ö ´  ¢·¥³Ö 10−9 ÷ 10−17 ¸.

1. Š�—…‘’‚…���Ÿ ’…��ˆŸ
‡���‡„›‚��™…ƒ� „…‹…�ˆŸ

�¸É ´µ¢¨³¸Ö ´  ´¥±µÉµ·ÒÌ µ¸´µ¢´ÒÌ Ì · ±É¥·¨¸É¨± Ì § ¶ §¤Ò¢ ÕÐ¥£µ
¤¥²¥´¨Ö. ˆ§ ´¨Ì µ¤´  ¨§ ´ ¨¡µ²¥¥ §´ Î¨³ÒÌ Å ¢¥·µÖÉ´µ¸ÉÓ § ¶ §¤Ò¢ ÕÐ¥£µ
¤¥²¥´¨Ö PDF. ‚¥²¨Î¨´  PDF = Nif/Ni, £¤¥ Ni Å ¶µ²´µ¥ Î¨¸²µ …‘, ²¨¡µ
β−-· ¸¶ ¤µ¢ ³ É¥·¨´¸±µ£µ Ö¤· ,   Nif Å Î¨¸²µ · ¸¶ ¤µ¢, ¸µ¶·µ¢µ¦¤ ÕÐ¨Ì¸Ö
§ ¶ §¤Ò¢ ÕÐ¨³ ¤¥²¥´¨¥³.

�¤´µ ¨§ ¶·¨¡²¨¦¥´¨°, Î ¸Éµ ¨¸¶µ²Ó§Ê¥³ÒÌ ¤²Ö É¥µ·¥É¨Î¥¸±¨Ì · ¸Î¥Éµ¢,
¶·¥¤¸É ¢²¥´µ Ëµ·³Ê²µ° (c³. [6,7]):

PDF =

Qi∫
0

Wi(Qi − E)
Γf
Γtot

(E)dE

Qi∫
0

Wi(Qi − E)dE

. (1)
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‡¤¥¸Ó Wi(Qi − E) Å ËÊ´±Í¨Ö ¢¥·µÖÉ´µ¸É¨ ¶¥·¥Ìµ¤  (i ∈ EC ¶·¨ K-§ -
Ì¢ É¥ ¨ i ∈ β ¶·¨ β-· ¸¶ ¤¥ ³ É¥·¨´¸±µ£µ Ö¤· ), Γf/Γtot(E) Å µÉ´µÏ¥´¨¥
¤¥²¨É¥²Ó´µ° Ï¨·¨´Ò ¢µ§¡Ê¦¤¥´´ÒÌ Ê·µ¢´¥° ¤µÎ¥·´¥£µ Ö¤·  ± ¶µ²´µ° Ï¨·¨´¥
· ¸¶ ¤  ÔÉ¨Ì ¸µ¸ÉµÖ´¨°, E Å Ô´¥·£¨Ö ¢µ§¡Ê¦¤¥´¨Ö ¤µÎ¥·´¥£µ Ö¤· ,   Qi
µ¶·¥¤¥²Ö¥É¸Ö ± ± QEC (i ∈ EC) ¨²¨ Qβ± (i ∈ β±). �·¨ ³ ²µ° Ô´¥·£¨¨
¢µ§¡Ê¦¤¥´¨Ö ¸Î¨É ¥É¸Ö, ÎÉµ ¤¥²¥´¨¥ ¨ ¨¸¶Ê¸± ´¨¥ γ-±¢ ´Éµ¢ Å ÔÉµ µ¸´µ¢´Ò¥
± ´ ²Ò ¸´ÖÉ¨Ö ¢µ§¡Ê¦¤¥´¨Ö.

�¡ÒÎ´µ ¶·¥¤¶µ² £ ÕÉ, ÎÉµ ¤·Ê£¨¥ ¢µ§³µ¦´Ò¥ ± ´ ²Ò · ¸¶ ¤  ´¥ ¨£· ÕÉ
¸ÊÐ¥¸É¢¥´´µ° ·µ²¨ ¨ Γf/Γtot(E) = [Γf/(Γf + Γγ)](E), £¤¥ Γf ¨ Γγ Å ¤¥-
²¨É¥²Ó´Ò¥ ¨ · ¤¨ Í¨µ´´Ò¥ Ï¨·¨´Ò ¸µµÉ¢¥É¸É¢¥´´µ. ‚ ¶·µÍ¥¸¸¥ β−-§ ¶ §¤Ò-
¢ ÕÐ¥£µ ¤¥²¥´¨Ö ¢ ´¥±µÉµ·ÒÌ ¸²ÊÎ ÖÌ ¸²¥¤Ê¥É ¶·¨´¨³ ÉÓ ¢µ ¢´¨³ ´¨¥ ¢µ§-
³µ¦´µ¸ÉÓ ¨¸¶Ê¸± ´¨Ö ´¥°É·µ´µ¢.

”Ê´±Í¨Ö ¢¥·µÖÉ´µ¸É¨ ¶¥·¥Ìµ¤  ´  Ê·µ¢¥´Ó E, Wi(E), ³µ¦¥É ¡ÒÉÓ ¶·¥¤-
¸É ¢²¥´  ± ± ¶·µ¨§¢¥¤¥´¨¥ ËÊ´±Í¨¨ ”¥·³¨ f(Qi−E, Z) ¨ ¸¨²µ¢µ° ËÊ´±Í¨¨
β-· ¸¶ ¤  Sβ(E):

Wi(Qi − E) ≈ f(Qi − E, Z)Sβ(E). (2)

”Ê´±Í¨Ö ”¥·³¨ f(Qi−E, Z) µÉ· ¦ ¥É ±¨´¥³ É¨±Ê ¡¥É -· ¸¶ ¤  ¨ ³µ¦¥É
¡ÒÉÓ ¢Ò· ¦¥´  ± ± f = (QEC − E)2 ¢ ¸²ÊÎ ¥ K-§ Ì¢ É  (§ ¶¨¸Ó ËÊ´±Í¨¨
”¥·³¨ ¢ É ±µ° Ëµ·³¥ ¶·¥¤¶µ² £ ¥É µÉ¸ÊÉ¸É¢¨¥ ± ´ ²  β+-· ¸¶ ¤ ) ¨ (Qβ−
−E)5 ¤²Ö β-· ¸¶ ¤ .

‘¨²µ¢ Ö ËÊ´±Í¨Ö Sβ(E) ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° · ¸¶·¥¤¥²¥´¨¥ ¶µ Ô´¥·£¨¨
¢µ§¡Ê¦¤¥´¨Ö ±¢ ¤· Éµ¢ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ β-· ¸¶ ¤´µ£µ É¨¶  Å Ë¥·³¨¥¢-
¸±µ£µ, É¥²²¥·µ¢¸±µ£µ ¨ ¤·. �·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö, ´¥ ¶·¥¢µ¸Ìµ¤Ö-
Ð¨Ì ¢¥²¨Î¨´Ò Ô´¥·£¨¨ β-· ¸¶ ¤  Qβ, ¸¨²µ¢ Ö ËÊ´±Í¨Ö µ¶·¥¤¥²Ö¥É Ì · ±É¥·
¨ ¶¥·¨µ¤ ¶µ²Ê· ¸¶ ¤  Ö¤· .

�¥ ¢¶µ²´¥ Ö¸¥´ ¢µ¶·µ¸ µ ¸¨²µ¢µ° ËÊ´±Í¨¨ β-¶¥·¥Ìµ¤µ¢. ‚¥²¨Î¨´a Sβ(E)
· ¸¸Î¨ÉÒ¢ ¥É¸Ö ´  µ¸´µ¢¥ · §²¨Î´ÒÌ ³µ¤¥²¥°. ‚ ¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²¨

1) ¤²Ö ± Î¥¸É¢¥´´ÒÌ · ¸Î¥Éµ¢ Sβ ¶·¥¤¶µ² £ ÕÉ ¶µ¸ÉµÖ´´µ°, ¢ÒÏ¥ ¸¶¥Í¨-
Ë¨Î¥¸±µ° Ô´¥·£¨¨ µÉ¸¥Î±¨ C, É.¥. Sβ(E) = const, E > C;   ±µ£¤  E < C,
Sβ(E) = 0;

2) ¶µ² £ ÕÉ, ÎÉµ Sβ(E) ∼ ρ(E), £¤¥ ρ(E) Å ¶²µÉ´µ¸ÉÓ Ê·µ¢´¥° ¤µÎ¥·-
´¥£µ Ö¤· .

‚ ·¥§µ´ ´¸´ÒÌ ´¥¸É É¨¸É¨Î¥¸±¨Ì ³µ¤¥²ÖÌ Sβ(E) ¢ÒÎ¨¸²Ö¥É¸Ö ´  µ¸´µ¢¥
£·µ¸¸-É¥µ·¨¨ β-· ¸¶ ¤ . „²Ö ´¥¸É É¨¸É¨Î¥¸±µ£µ ¶µ¤Ìµ¤  § ¢¨¸¨³µ¸ÉÓ Sβ(E)
µÉ Ô´¥·£¨¨ µ¶·¥¤¥²Ö¥É¸Ö ¸É·Ê±ÉÊ·µ° Ö¤·  ¨ ¨§µ¢¥±Éµ·´Ò³¨ Î ¸ÉÖ³¨ ÔËË¥±-
É¨¢´µ£µ ´Ê±²µ´-´Ê±²µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö.

…¸²¨ ¢¥·µÖÉ´µ¸ÉÓ β-· ¸¶ ¤  ¸µ¤¥·¦¨É ¢±² ¤ ´¥¸±µ²Ó±¨Ì Ê·µ¢´¥°,   § -
¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥´¨¥ ¨¤¥É ¸ µ¤´µ£µ Ê·µ¢´Ö ¸ Ô´¥·£¨¥° E∗, Éµ

PβDF =
Γf (E

∗)Sβ(E
∗)f(Z, Qβ − E∗)

Γtot(E∗)ΣSβ(Ei)fi(Z, Qβ − Ei)
. (3)
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Š² ¶¤µ· ¨ ¤·. [8] ¶µ± § ²¨ ¸ÊÐ¥¸É¢¥´´µ¥ ¢²¨Ö´¨¥ ´  · ¸Î¥É Ì · ±É¥-
·¨¸É¨± § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö ´¨§±µ²¥¦ Ð¨Ì ¸É·Ê±ÉÊ· ¸¨²µ¢µ° ËÊ´±Í¨¨
β-· ¸¶ ¤ .

‡ ¢¨¸¨³µ¸ÉÓ PDF µÉ Ô´¥·£¨¨ § ¸¥²¥´¨Ö Ê·µ¢´¥° ¨ ¸É·Ê±ÉÊ·Ò ¡ ·Ó¥·  ¤¥-
²¥´¨Ö µ¡Ê¸²µ¢²¥´a ¶·¥¨³ÊÐ¥¸É¢¥´´µ ¤¥²¨É¥²Ó´µ° Ï¨·¨´µ°, ¢Ìµ¤ÖÐ¥° ¢ ¢Ò-
· ¦¥´¨¥ [Γf/(Γf+Γγ)](E). ‚¥²¨Î¨´Ò Γf , Γγ Å ¤¥²¨É¥²Ó´ Ö ¨ · ¤¨ Í¨µ´´ Ö
Ï¨·¨´Ò ¸µµÉ¢¥É¸É¢¥´´µ. � ¤¨ Í¨µ´´ÊÕ Ï¨·¨´Ê Γγ(E) µÍ¥´¨¢ ÕÉ [6] ¶µ ¢¥-
·µÖÉ´µ¸ÉÖ³ γ-¶¥·¥Ìµ¤µ¢ Pγ :

Γγ =
Pγ

2πρ
=
CγΘ

4 exp (E/Θ)

2πρ
. (4)

‡¤¥¸Ó ρ Å ¶²µÉ´µ¸ÉÓ Ö¤¥·´ÒÌ Ê·µ¢´¥°, Cγ Å ¶µ¸ÉµÖ´´ Ö, · ¢´ Ö
9, 7 · 10−7 ŒÔ‚−4, ¨ Θ Å É¥³¶¥· ÉÊ·  Ö¤·  0,5Ä0,6 ŒÔ‚.

„¥²¨É¥²Ó´ Ö Ï¨·¨´  Γf (E) =
Pf (E)
2πρ , µÎ¥¢¨¤´µ, § ¢¨¸¨É µÉ ¶·µ´¨Í ¥-

³µ¸É¨ ¡ ·Ó¥·  ¤¥²¥´¨Ö Pf . �·µ´¨Í ¥³µ¸ÉÓ ¡ ·Ó¥·µ¢ ÉÖ¦¥²ÒÌ Ö¤¥· · ¸¸Î¨ÉÒ-
¢ ¥É¸Ö ¶µ Ê¶·µÐ¥´´µ° Ëµ·³Ê²¥ Pf ≈ PA(E)RB , £¤¥ PA(E) Å ¶·µ´¨Í ¥³µ¸ÉÓ
Î¥·¥§ ¢´ÊÉ·¥´´¨° ¡ ·Ó¥·,   RB Å ±µÔËË¨Í¨¥´É ¶·µÌµ¦¤¥´¨Ö, µ¶·¥¤¥²ÖÕÐ¨°
¶·µÍ¥¸¸ ¤¥²¥´¨Ö Ö¤·  ¨§ ´¨¦´¥£µ ¸µ¸ÉµÖ´¨Ö ¢Éµ·µ° ¶µÉ¥´Í¨ ²Ó´µ° Ö³Ò. ’ -
±µ¥ ¶·¥¤¶µ²µ¦¥´¨¥ É·¥¡Ê¥É, ÎÉµ¡Ò ¤¥²¥´¨¥ ´¥ ¶·µ¨¸Ìµ¤¨²µ ¤µ É¥Ì ¶µ·, ¶µ± 
Ö¤·µ ´¥ µ± ¦¥É¸Ö ¢ ¸µ¸ÉµÖ´¨¨ ´  ´¨¦´¥³ Ê·µ¢´¥ ¢Éµ·µ° ¶µÉ¥´Í¨ ²Ó´µ° Ö³Ò.
‚ ÔÉµ³ ¸²ÊÎ ¥ ¢ÒÎ¨¸²¥´¨¥ Pf (E) §´ Î¨É¥²Ó´µ Ê¶·µÐ ¥É¸Ö. �·µÌµ¦¤¥´¨¥
Î¥·¥§ ¢´ÊÉ·¥´´¨° ¡ ·Ó¥· BA ¸¢µ¤¨É¸Ö ± § ¤ Î¥ ¶·µ´¨±´µ¢¥´¨Ö Î¥·¥§ ¶ · ¡µ-
²¨Î¥¸±¨° ¡ ·Ó¥· ´  µ¸´µ¢¥ Ëµ·³ ²¨§³  •¨²²  ¨ “¨²¥·  [9]:

PA =

{
1 + exp

[
2π(Bf − E)

hωf

]}−1

, (5)

£¤¥ Bf Å ¢Ò¸µÉ  ¡ ·Ó¥·  ¨ hωf Å Ô´¥·£¨Ö, µ¶·¥¤¥²ÖÕÐ Ö ¥£µ ±·¨¢¨§´Ê.
’ ±¨³ µ¡· §µ³, ¤¥²¨É¥²Ó´ Ö Ï¨·¨´  ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ± ±

Γf =
RB

2πρ

{
1 + exp

[
2π(Bf − E)

hωf

]}−1

(6)

¨

Γf
Γf + Γγ

(E) ≈
RB

{
1 + exp

[
2π(Bf−E)

hωf

]}−1

CγΘ4 exp (E/Θ) +RB

{
1 + exp

[
2π(Bf−E)

hωf

]}−1 . (7)

�´ ²¨§ ÔÉµ° Ëµ·³Ê²Ò ¢ÒÖ¢²Ö¥É ¸¨²Ó´ÊÕ § ¢¨¸¨³µ¸ÉÓ Î²¥´  Γf/(Γf + Γγ) µÉ
Ô´¥·£¨¨ · ¸¶ ¤  ¨ ¸É·Ê±ÉÊ·Ò ¡ ·Ó¥·  ¤¥²¥´¨Ö. ‚ · ³± Ì ¸¤¥² ´´ÒÌ ¶·¥¤¶µ-
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²µ¦¥´¨° ³µ¦´µ § ¶¨¸ ÉÓ ¶·µ¸Éµ¥ Ê· ¢´¥´¨¥ ¤²Ö PEDF Å ¢¥·µÖÉ´µ¸É¨ § ¶ §-
¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö ¶µ¸²¥ Ô²¥±É·µ´´µ£µ § Ì¢ É  (…‘DF):

PEDF =

QEC∫
C

(QEC − E)2
Γf

Γf+Γγ
(E)dE

QEC∫
C

(QEC − E)2dE

. (8)

‡¤¥¸Ó C Å Ô´¥·£¨Ö µÉ¸¥Î±¨, ¢ÒÏ¥ ±µÉµ·µ° ¸¨²µ¢ Ö ËÊ´±Í¨Ö Sβ ¶µ¸ÉµÖ´´ ,
  ´¨¦¥ ¶·¥¤¶µ² £ ¥É¸Ö · ¢´µ° ´Ê²Õ. ‚ · ¡µÉ¥ [10] ¢¥²¨Î¨´  C µ¶·¥¤¥²¥´ 
§ ¢¨¸¨³µ¸ÉÓÕ C = 26A−1/2 ŒÔ‚. ˆ´É¥£· ² ¢ §´ ³¥´ É¥²¥ Ëµ·³Ê²Ò (8):

QEC∫
C

(QEC−C)2dE =
1

3
(QEC−C)3 =

1

3
(QEC−26A−1/2)3 ≡ [NEC(A)]−1, (9)

£¤¥ NEC(A) Å ¢¥²¨Î¨´  ´µ·³¨·µ¢µÎ´µ° ËÊ´±Í¨¨. ’µ£¤  Ëµ·³Ê²  (8) ¶·¨³¥É
¢¨¤

PEDF = NEC(A)

QEC∫
C

(QEC − E)2
Γf

Γγ + Γf
dE. (10)

‚ Éµ ¦¥ ¢·¥³Ö ¢ ¸²ÊÎ ¥ β−-· ¸¶ ¤  [Nβ(A)]−1 ≡ 1
6 (Qβ − 26A−1/2)6.

‚¥·µÖÉ´µ¸ÉÓ β-§ ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö (βDF) ± Î¥¸É¢¥´´µ ³µ¦¥É ¡ÒÉÓ
¶·¥¤¸É ¢²¥´  ± ±

PβDF ≈ Nβ(A)

Qβ∫
C

(Qβ − E)5
Γf

Γγ + Γf
(E)dE. (11)

—Éµ¡Ò µ¡´ ·Ê¦¨ÉÓ § ¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥´¨¥ ¢ µ¡² ¸É¨ Z > 89, £¤¥ ¢Ò¸µÉÒ
¡ ·Ó¥·µ¢ ²¥¦ É ¢ ¨´É¥·¢ ²¥ 4÷ 6 ŒÔ‚, ´¥µ¡Ìµ¤¨³µ ¨§ÊÎ ÉÓ Ö¤·  ¸ Qβ É ±µ£µ
¦¥ ¶µ·Ö¤±  ¢¥²¨Î¨´Ò. ‡ ¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥´¨¥ ¢ Í¥²µ³ ¶µ¸²¥ Ô²¥±É·µ´-
´µ£µ § Ì¢ É  ¶·µ¨¸Ìµ¤¨É ¸ ¡µ²ÓÏ¥° ¢¥·µÖÉ´µ¸ÉÓÕ, Î¥³ ¶µ¸²¥ β−-· ¸¶ ¤ .
�Éµ ¸²¥¤Ê¥É ¨§ ¢¨¤  ËÊ´±Í¨¨ ”¥·³¨ ¤²Ö ÔÉ¨Ì · ¸¶ ¤µ¢. ”Ê´±Í¨Ö ”¥·³¨
¸É·¥³¨É¸Ö ± ´Ê²Õ ¢ ¸²ÊÎ ¥ β−-· ¸¶ ¤  ¡Ò¸É·¥¥, Î¥³ ¢ ¶·µÍ¥¸¸¥ Ô²¥±É·µ´´µ£µ
§ Ì¢ É . �µÔÉµ³Ê ¨¸¸²¥¤µ¢ ÉÓ § ¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥´¨¥ ¶µ¸²¥ Ô²¥±É·µ´´µ£µ § -
Ì¢ É  (…‘DF) ¡Ò²µ ¡Ò ¶·µÐ¥, ¤ ¦¥ ¥¸²¨ ¡Ò ´¥ ¸ÊÐ¥¸É¢µ¢ ²µ ¨§¢¥¸É´ÒÌ
É·Ê¤´µ¸É¥° ¸¨´É¥§  ´¥°É·µ´µµ¡µ£ Ð¥´´ÒÌ Ö¤¥·. ‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¶·¨-
¢¥¤¥´´Ò¥ É¥µ·¥É¨Î¥¸±¨¥ § ¢¨¸¨³µ¸É¨ ³µ£ÊÉ ¸²Ê¦¨ÉÓ ²¨ÏÓ ¤²Ö ± Î¥¸É¢¥´´ÒÌ
µÍ¥´µ±.

�·µ¡²¥³Ò, ¸¢Ö§ ´´Ò¥ ¸ Ì · ±É¥·µ³ ¸¨²µ¢ÒÌ ËÊ´±Í¨°, ¨Ì ·¥§µ´ ´¸´µ°
¸É·Ê±ÉÊ·µ°, ¢ · §´ÒÌ µ¡² ¸ÉÖÌ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö Å ¤²Ö Ö¤¥· ¸ Z > 89,
N ∼ 126 ¨²¨ ¢ µ±·¥¸É´µ¸É¨ Z = 82 Å · ¸¸³µÉ·¥´Ò ¢ µ¡§µ· Ì [11,12].
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Šµ²¨Î¥¸É¢¥´´ Ö ³µ¤¥²Ó ¤µ²¦´  ¢±²ÕÎ ÉÓ É ±¦¥ ¡µ²¥¥ ¤¥É ²Ó´µ¥ · ¸¸³µ-
É·¥´¨¥ ¶·µÍ¥¸¸  ¶·µÌµ¦¤¥´¨Ö Î¥·¥§ ¡ ·Ó¥· ¤¥²¥´¨Ö, ¨¸±²ÕÎ¨ÉÓ Ê¶·µÐ¥´¨¥,
¸¢Ö§ ´´µ¥ ¸ ¶·¥¤¶µ²µ¦¥´¨¥³ µ¡ µ¡Ö§ É¥²Ó´µ³ ¶¥·¥Ìµ¤¥ ´  ´¨¦´¨° Ê·µ¢¥´Ó
¢µ ¢Éµ·µ° ¶µÉ¥´Í¨ ²Ó´µ° Ö³¥.

“¸²µ¢¨Ö, ¶µ§¢µ²ÖÕÐ¨¥ Ô±¸¶¥·¨³¥´É ²Ó´µ ´ ¡²Õ¤ ÉÓ § ¶ §¤Ò¢ ÕÐ¥¥ ¤¥-
²¥´¨¥, ¶·¥¦¤¥ ¢¸¥£µ ¢Ò¶µ²´ÖÕÉ¸Ö ¤²Ö ´¥Î¥É´µ-´¥Î¥É´ÒÌ ´¥°É·µ´µ¤¥Ë¨Í¨É-
´ÒÌ Ö¤¥·.

�µ²ÓÏ Ö ¢¥²¨Î¨´  Qβ ¶µ ¸· ¢´¥´¨Õ ¸ ¸µ¸¥¤´¨³¨ Ö¤· ³¨, µ¡Ê¸²µ¢²¥´´ Ö
´¥Î¥É´µ-Î¥É´Ò³ ÔËË¥±Éµ³, ¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ Qβ ¨ Bf ¸· ¢´¨³Ò Ê¦¥ ¶·¨
µÉ´µ¸¨É¥²Ó´µ ³ ²µ³ Ê¤ ²¥´¨¨ µÉ ²¨´¨¨ β-¸É ¡¨²Ó´µ¸É¨. Šµ´±Ê·¨·ÊÕÐ¨° ¢
³ É¥·¨´¸±¨Ì Ö¤· Ì ¸ K-§ Ì¢ Éµ³ α-· ¸¶ ¤ § ³¥¤²¥´. ‚Ò¸µ± Ö Ô´¥·£¨Ö ¸¢Ö§¨
´¥°É·µ´  Bn Ê ¤µÎ¥·´¥£µ Î¥É´µ-Î¥É´µ£µ Ö¤·  ¶µ§¢µ²Ö¥É ´¥ ÊÎ¨ÉÒ¢ ÉÓ ±µ´±Ê-
·¥´Í¨Õ ¸µ ¸Éµ·µ´Ò ± ´ ²  § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·µ´µ¢. �²µÉ´µ¸ÉÓ ´¨§±µ²¥¦ -
Ð¨Ì Ê·µ¢´¥° Î¥É´µ-Î¥É´ÒÌ ¤µÎ¥·´¨Ì Ö¤¥· ´¥¢¥²¨± . �µ¸²¥¤´¥¥ µ¡¸ÉµÖÉ¥²Ó-
¸É¢µ ¨ ¡µ²¥¥ ¸² ¡ Ö § ¢¨¸¨³µ¸ÉÓ ËÊ´±Í¨¨ ”¥·³¨ µÉ Ô´¥·£¨¨ ¶·¨ K-§ Ì¢ É¥
¡² £µ¶·¨ÖÉ¸É¢ÊÕÉ § ¸¥²¥´¨Õ ¢Ò¸µ±µ²¥¦ Ð¨Ì Ê·µ¢´¥°. Š·µ³¥ Éµ£µ, ¤¥²¨³µ¸ÉÓ
Î¥É´µ-Î¥É´µ£µ ¤µÎ¥·´¥£µ Ö¤·  ¢ÒÏ¥, Î¥³ Ê ¤µÎ¥·´¨Ì ´¥Î¥É´ÒÌ Ö¤¥·.

�¨¸. 1. ‘Ì¥³  · ¸¶ ¤  Ö¤·  ¢ ¶·µÍ¥¸¸¥ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö

�  ·¨¸.1 ¶·¨¢¥¤¥´  ¸Ì¥³  ¶·µÍ¥¸¸  § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö ¸ µ¡ÒÎ´Ò³
¤²Ö ÉÖ¦¥²ÒÌ Ô²¥³¥´Éµ¢ ¤¢Ê£µ·¡Ò³ ¡ ·Ó¥·µ³. “± § ´Ò · §²¨Î´Ò¥ ¢ ·¨ ´ÉÒ ¶¥-
·¥Ìµ¤µ¢. �¥·¢µ´ Î ²Ó´µ § ¸¥²ÖÕÉ¸Ö ¸µ¸ÉµÖ´¨Ö ¢ ¶¥·¢µ° ¶µÉ¥´Í¨ ²Ó´µ° Ö³¥
¤µÎ¥·´¥£µ Ö¤· . �·Ö³µ¥ § ¸¥²¥´¨¥ ¢Éµ·µ° ¶µÉ¥´Í¨ ²Ó´µ° Ö³Ò § ¶·¥Ð¥´µ ¢
¸¢Ö§¨ ¸ É¥³, ÎÉµ ¶·¨ ÔÉµ³ ´¥µ¡Ìµ¤¨³  µ¤´µ¢·¥³¥´´ Ö ¸ β/EC-· ¸¶ ¤µ³ ¸Ê-
Ð¥¸É¢¥´´ Ö ¶¥·¥¸É·µ°±  ´Ê±²µ´µ¢ Ö¤· . ˆ§ ¶¥·¢µ° ¶µÉ¥´Í¨ ²Ó´µ° Ö³Ò Ö¤·µ
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³µ¦¥É ¶¥·¥°É¨ ¢ ¸µ¸ÉµÖ´¨¥ ¸ Ô´¥·£¨¥° E ¢µ ¢Éµ·µ° Ö³¥ ¨ · §¤¥²¨ÉÓ¸Ö. � 
ÔÉ¨Ì ÔÉ ¶ Ì ¢¥¸Ó³  ¢¥·µÖÉ´µ ¢µ§¢· Ð¥´¨¥ ¢ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ ¤µÎ¥·´¥£µ
Ö¤· .

‚¥·µÖÉ´µ¸ÉÓ · ¸¶ ¤  ¶µ ± ´ ²Ê § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö µÎ¥´Ó ³ ² ,
¢¢¨¤Ê ±µ´±Ê·¨·ÊÕÐ¨Ì ¸ ´¨³ ¶·µÍ¥¸¸µ¢. ’ ±, ¢¥²¨Î¨´  ¢¥·µÖÉ´µ¸É¨ § ¶ §-
¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö PDF = Nif/Ni Å µÉ´µÏ¥´¨¥ Î¨¸²  EC-· ¸¶ ¤µ¢, ¸µ¶ÊÉ-
¸É¢ÊÕÐ¨Ì § ¶ §¤Ò¢ ÕÐ¥³Ê ¤¥²¥´¨Õ Nif , ± ¶µ²´µ³Ê Î¨¸²Ê Ni EC/β-· ¸¶ ¤µ¢,
¢ ´ ¨¡µ²¥¥ ¡² £µ¶·¨ÖÉ´ÒÌ ¸²ÊÎ ÖÌ ¢ µ¡² ¸É¨ ´¥°É·µ´µ¤¥Ë¨Í¨É´ÒÌ Ö¤¥· ¤µ-
¸É¨£ ¥É ¢¸¥£µ ∼ 0, 01. �Éµ ¶·¨¢µ¤¨É ± ¸²¥¤ÊÕÐ¥³Ê ¢Ò¢µ¤Ê: ¨§ÊÎ¥´¨¥ É ±¨Ì
Ö¤¥· Å ¸²µ¦´ Ö Ô±¸¶¥·¨³¥´É ²Ó´ Ö ¶·µ¡²¥³ .

2. �‘��‚�›… �Š‘�…�ˆŒ…�’�‹œ�›… �…‡“‹œ’�’›

2.1. �É±·ÒÉ¨¥ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö. ‡ ¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥´¨¥ ¢¶¥·-
¢Ò¥ ´ ¡²Õ¤ ²µ¸Ó ¶·¨ µ¡²ÊÎ¥´¨¨ ³¨Ï¥´¨ 233U Ê¸±µ·¥´´Ò³¨ ´  Í¨±²µÉ·µ´¥
“-300 ¨µ´ ³¨ 10B ¨ 11B [1]. �É¨ Ô±¸¶¥·¨³¥´ÉÒ ¡Ò²¨ ¸¶¥Í¨ ²Ó´µ ¶µ¤£µÉµ-
¢²¥´Ò ¤²Ö ¶µ¨¸±  ¤¥²ÖÐ¨Ì¸Ö Ö¤¥· ¢ µ¡² ¸É¨ ¸ ¡µ²ÓÏ¨³ ¤¥Ë¨Í¨Éµ³ ´¥°É·µ´µ¢.
�µÔÉµ³Ê · §· ¡µÉ ´´ Ö ³¥Éµ¤¨±  ¶µ É¥³ ¢·¥³¥´ ³ µÉ²¨Î ² ¸Ó ¢Ò¸µ±µ° ÎÊ¢-
¸É¢¨É¥²Ó´µ¸ÉÓÕ ¨ ¶µ§¢µ²Ö²  ·¥£¨¸É·¨·µ¢ ÉÓ ¤¥²ÖÐ¨¥¸Ö Ö¤·  ¸ ÔËË¥±É¨¢´Ò³
¸¥Î¥´¨¥³ µ¡· §µ¢ ´¨Ö (0, 1 ÷ 1, 0) · 10−35 ¸³2 ¨ ¶¥·¨µ¤ ³¨ ¶µ²Ê· ¸¶ ¤  ´¥
³¥´¥¥ 1 ¸. � ¡²Õ¤¥´¨¥ Ö¤¥· ¸µ ¸Éµ²Ó ³ ²Ò³¨ ¸¥Î¥´¨Ö³¨ µ¡¥¸¶¥Î¨¢ ²µ¸Ó µ¡-
²ÊÎ¥´¨¥³ ³¨Ï¥´¨ ´  ¢´ÊÉ·¥´´¥³ ¶ÊÎ±¥ ÉÖ¦¥²ÒÌ ¨µ´µ¢ Í¨±²µÉ·µ´  “-300. ‚
ÔÉµ³ ¸²ÊÎ ¥ ¤µ¸É¨£ ² ¸Ó ¢Ò¸µ± Ö ¨´É¥´¸¨¢´µ¸ÉÓ ÉÖ¦¥²ÒÌ ¨µ´µ¢ (∼ 100 ³±�
¨µ´µ¢ ‚+2 ¨²¨ Ne+4), É.±. ¨¸±²ÕÎ ²¨¸Ó Ë §µ¢Ò¥ ¶µÉ¥·¨ ´  ¢´¥Ï´¨Ì µ·¡¨É Ì
±² ¸¸¨Î¥¸±µ£µ Í¨±²µÉ·µ´  ¨ ¸¨¸É¥³¥ ¢Ò¢µ¤  ¶ÊÎ± . �·¨ ÔÉµ³ ¸ ¶µ³µÐÓÕ ¶¥-
·¥¤¢¨¦¥´¨Ö ³¨Ï¥´¨ ¶µ · ¤¨Ê¸Ê ³ £´¨É´µ£µ ¶µ²Õ¸  Í¨±²µÉ·µ´  ³µ¦´µ ¡Ò²µ
²¥£±µ ·¥£Ê²¨·µ¢ ÉÓ Ô´¥·£¨Õ Ê¸±µ·¥´´µ£µ ¶ÊÎ± .

�¡²ÊÎ¥´¨¥ ¶·µ¢µ¤¨²µ¸Ó ´  ¶·µ¡´¨±¥ ¸ ´ ±²µ´´µ° ³¨Ï¥´ÓÕ, ¶µ§¢µ²Ö¢Ï¥°
·¥ ²¨§µ¢ ÉÓ ¢Ò¸µ±¨¥ Éµ±¨,   µ¸±µ²±¨ ¤¥²¥´¨Ö ·¥£¨¸É·¨·µ¢ ²¨¸Ó ¸ ¶µ³µÐÓÕ
¶µ¤¢¨¦´ÒÌ ´¨§±µËµ´µ¢ÒÌ É¢¥·¤µÉ¥²Ó´ÒÌ É·¥±µ¢ÒÌ ¤¥É¥±Éµ·µ¢ ¸ ÔËË¥±É¨¢-
´µ¸ÉÓÕ ·¥£¨¸É· Í¨¨ 0, 90±0, 05. � ±²µ´ ³¨Ï¥´¨ ¶µ µÉ´µÏ¥´¨Õ ± µ¸¨ ¶ÊÎ± 
¸µ¸É ¢²Ö² 12◦ (p¨¸. 2; Ê£µ² ³¥¦¤Ê µ¸ÓÕ ¶ÊÎ±  Ê¸±µ·¥´´ÒÌ ¨µ´µ¢ ¨ ´µ·³ -
²ÓÕ ± ¶²µ¸±µ° ¶µ¢¥·Ì´µ¸É¨ ³¨Ï¥´¨ · ¢¥´ α = 78◦). ’ ±¨³ µ¡· §µ³, Ô´¥·£¨Ö
¶ÊÎ±  ¨ µ¡²ÊÎ ¥³µ¥ ¢¥Ð¥¸É¢µ · ¸¶·¥¤¥²Ö²¨¸Ó ¶µ ¶²µÐ ¤¨ ¢ 4,81 · § ¡µ²ÓÏ¥°,
Î¥³ ¶·¨ ¶¥·¶¥´¤¨±Ê²Ö·´µ³ · ¸¶µ²µ¦¥´¨¨ ³¨Ï¥´¨. ‚ ·¥§Ê²ÓÉ É¥ ¶·µ¸ÉÒ³¨
¸·¥¤¸É¢ ³¨ Ê¤ ²µ¸Ó µ¡¥¸¶¥Î¨ÉÓ µÌ² ¦¤¥´¨¥ ³¨Ï¥´¨. „·Ê£µ¥ ¶·¥¨³ÊÐ¥¸É¢µ
´ ±²µ´´µ° ³¨Ï¥´¨ § ±²ÕÎ ²µ¸Ó ¢ Éµ·³µ¦¥´¨¨ Ö¤¥· µÉ¤ Î¨, µ¡· §ÊÕÐ¨Ì¸Ö
¢ Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ, ¢ Éµ´±µ³ ¶µ¢¥·Ì´µ¸É´µ³ ¸²µ¥ ¢¥Ð¥¸É¢  ³¨Ï¥´¨. �Î¥-
¢¨¤´µ, ¥£µ Éµ²Ð¨´  d ≈ R cos α, £¤¥ R Å ³ ±¸¨³ ²Ó´Ò° ¶·µ¡¥£ Ê¸±µ·¥´´ÒÌ
¨µ´µ¢ ¢ ¢¥Ð¥¸É¢¥ ³¨Ï¥´¨. ‚ ·¥§Ê²ÓÉ É¥ ³ É¥·¨ ² ³¨Ï¥´¨ ´¥ ¢²¨Ö² ´  ¢ÒÌµ¤
¨§ ´¥£µ µ¸±µ²±µ¢ ¤¥²¥´¨Ö. Œ¨Ï¥´Ó ¨ Ô±· ´ ´ ¤ ´¥Õ ¨£· ²¨ ·µ²Ó Í¨²¨´¤· 
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” · ¤¥Ö. Œ¨Ï¥´Ó ¨ µÌ² ¦¤ ÕÐ¨° ±µ´ÉÊ· ¡Ò²¨ Ô²¥±É·¨Î¥¸±¨ ¨§µ²¨·µ¢ ´Ò.
�É¨ ³¥·Ò ¶µ§¢µ²¨²¨ ´ ¤¥¦´µ ¨§³¥·ÖÉÓ Éµ± ¨µ´µ¢ (¸³. ·¨¸. 2).

�¨¸. 2. ‘Ì¥³  ¶·µ¡´¨±  ¸ ´ ±²µ´´µ° ³¨Ï¥´ÓÕ: 1 ÷ 4 Å ¸É¥±²Ö´´Ò¥ É·¥±µ¢Ò¥ ¤¥É¥±-
Éµ·Ò. Œ¥¤´ Ö ¶µ¤²µ¦±  µÌ² ¦¤ ¥É¸Ö ¢µ¤µ° (¸¨¸É¥³  µÌ² ¦¤¥´¨Ö ´¥ ¶µ± § ´ )

�µ¸²¥ µ¡²ÊÎ¥´¨Ö ³¨Ï¥´¨ § ¤ ´´Ò³ ¶µÉµ±µ³ ¨µ´µ¢ ¢Ò±²ÕÎ ²¨ ¶ÊÎµ±, ¨
´ ¤ ³¨Ï¥´ÓÕ  ¢Éµ³ É¨Î¥¸± Ö ¸¨¸É¥³  ¶µ¸²¥¤µ¢ É¥²Ó´µ Ê¸É ´ ¢²¨¢ ²  Î¥ÉÒ·¥
É¢¥·¤µÉ¥²Ó´ÒÌ ¤¥É¥±Éµ·  ´  ¶¥·¨µ¤, ¡²¨§±¨° ± ¢·¥³¥´¨ ¦¨§´¨ ¨¸¸²¥¤Ê¥³µ£µ
¨§µÉµ¶  ¶µ µÉ´µÏ¥´¨Õ ±K-§ Ì¢ ÉÊ. Š ´ Î ²Ê µ¡²ÊÎ¥´¨Ö ³¨Ï¥´¨ ¤¥É¥±Éµ·´ Ö
¸¡µ·±  ¶¥·¥³¥Ð ² ¸Ó ¢ ± ³¥·Ê ´  ¤µ¸É ÉµÎ´µ¥ · ¸¸ÉµÖ´¨¥ µÉ ³¨Ï¥´¨, ÎÉµ¡Ò
µ¡¥¸¶¥Î¨ÉÓ § Ð¨ÉÊ ¤¥É¥±Éµ·µ¢ µÉ · ¸¸¥Ö´´ÒÌ Î ¸É¨Í ¨ ´¥°É·µ´´µ£µ Ëµ´ .
‡ É¥³ ¶·µÍ¥¤Ê·  ¶¥·¨µ¤¨Î¥¸±¨ ¶µ¢Éµ·Ö² ¸Ó.

‚·¥³Ö ¶¥·¥´µ¸  ¤¥É¥±Éµ·µ¢ µÉ § Ð¨Ð ÕÐ¥° ± ³¥·Ò ¤µ ³¨Ï¥´¨ ¶µ-
·Ö¤±  3Ä3,5 ¸. �·¨³¥´Ö² ¸Ó ± ¸¸¥É´ Ö ¸¨¸É¥³  Ê¸É ´µ¢±¨ ¤¥É¥±Éµ·µ¢, ¶µ§¢µ-
²Ö¢Ï Ö § ³¥´ÖÉÓ ¨Ì §  ±µ·µÉ±µ¥ ¢·¥³Ö, ÎÉµ µ¸µ¡¥´´µ ¢ ¦´µ ¶·¨ §´ Î¨É¥²Ó´µ°
 ±É¨¢ Í¨¨ ³¨Ï¥´¨ ¢ Ô±¸¶¥·¨³¥´É Ì, ±µ£¤  ¨´É¥´¸¨¢´µ¸ÉÓ Ê¸±µ·¥´´ÒÌ ÉÖ¦¥-
²ÒÌ ¨µ´µ¢ µ¡¥¸¶¥Î¨¢ ¥É ·¥£¨¸É· Í¨Õ ¤¥²ÖÐ¨Ì¸Ö Ö¤¥· ¸ ¸¥Î¥´¨¥³ µ¡· -
§µ¢ ´¨Ö ¤µ ∼ 1, 0 · 10−36 ¸³2.

‚ ¶¥·¢ÒÌ Ô±¸¶¥·¨³¥´É Ì ²¥£±¨° ¨§µÉµ¶ Ê· ´  233U µ¡²ÊÎ ²¸Ö ¨µ´ ³¨ 10B
¨ 11B. ˆ´É¥´¸¨¢´µ¸ÉÓ Ê¸±µ·¥´´µ£µ ¶ÊÎ±  ¨µ´µ¢ ¡µ·  ¤µ¸É¨£ ²  1014 ¸−1. �·¨
Ô´¥·£¨¨ 11B ¡µ²ÓÏ¥° 75 ŒÔ‚ ¡Ò²µ § ·¥£¨¸É·¨·µ¢ ´µ · ¸¶·¥¤¥²¥´¨¥ µ¸±µ²±µ¢
¢µ ¢·¥³¥´¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ ³¨´ÊÉ´Ò³ ¶¥·¨µ¤ ³ ¶µ²Ê· ¸¶ ¤ . Š·¨¢ Ö · ¸-
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¶ ¤  ¸¨´É¥§¨·µ¢ ´´ÒÌ ´Ê±²¨¤µ¢ § É¥³ Î¥É±µ · §¤¥²Ö² ¸Ó ´  ¤¢¥ Ô±¸¶µ´¥´ÉÒ
¸ ¶¥·¨µ¤ ³¨ ¶µ²Ê· ¸¶ ¤  (5 ± 1) ¸ ¨ (2, 6 ± 0, 2) ³¨´. ˆ§ÊÎ ²¸Ö · ¸¶ ¤ Ö¤¥·
Éµ²Ó±µ ¸ T1/2 = 2, 6 ³¨´. ‚²¨Ö´¨¥ ±µ·µÉ±µ¦¨¢ÊÐ¥° ±µ³¶µ´¥´ÉÒ ¨¸±²ÕÎ -
²µ¸Ó ¶ÊÉ¥³ § ¤¥·¦±¨ ¤¥É¥±Éµ·µ¢ ¢ ± ³¥·¥ ´  33 ¸ ¶µ¸²¥ ¢Ò±²ÕÎ¥´¨Ö ¶ÊÎ± .
�·¨ ÔÉµ³ Î¨¸²µ ¨µ´µ¢ ¡µ·  ¢ ± ¦¤µ³ Í¨±²¥ µ¡²ÊÎ¥´¨Ö · ¢´Ö²µ¸Ó 6 · 1016,  
¨Ì ¶·µ¡¥£ ¢ ¸²µ¥ 233U ¸µ¸É ¢²Ö² 4,5 ³£/¸³2.

�¨¸. 3. Š·¨¢Ò¥ · ¸¶ ¤  234Am →234Pu → ff (µ¸±µ²±¨ ¤¥²¥´¨Ö). �¥ ±Í¨¨
233U(10B, α5n) ¨ 233U(11B, α6n). ‘¢¥É²Ò¥ ±·Ê¦±¨ Å Ô´¥·£¨Ö ¨µ´  10B E = 60 ŒÔ‚.
’¥³´Ò¥ ±·Ê¦±¨ Å Ô´¥·£¨Ö 11B E = 75 ŒÔ‚, ±·¥¸É¨±¨ Å Ô´¥·£¨Ö ¨µ´  11B
E = 80 ŒÔ‚

�µ¸²¥ µ¡´ ·Ê¦¥´¨Ö ÔËË¥±É  ¡Ò²  ¨§³¥·¥´  ËÊ´±Í¨Ö ¢µ§¡Ê¦¤¥´¨Ö ·¥ ±-
Í¨¨, ¢¥¤ÊÐ¥° ± µ¡· §µ¢ ´¨Õ ¤¥²ÖÐ¨Ì¸Ö ´Ê±²¨¤µ¢ ¸ ¶¥·¨µ¤µ³ ¶µ²Ê· ¸¶ ¤ 
T1/2 = 2, 6 ³¨´. ‚ ÔÉ¨Ì ¨§³¥·¥´¨ÖÌ ¨¸¶µ²Ó§µ¢ ² ¸Ó Éµ´± Ö ³¨Ï¥´Ó, É ± ÎÉµ
³ ±¸¨³ ²Ó´Ò¥ ¶µÉ¥·¨ Ô´¥·£¨¨ ¨µ´µ¢ 11B ¢ µ¡²ÊÎ ¥³µ³ ³ É¥·¨ ²¥ ´¥ ¶·¥-
¢ÒÏ ²¨ 1 ŒÔ‚. „²Ö ± ¦¤µ° Ô´¥·£¨¨ Ê¸±µ·¥´´ÒÌ ¨µ´µ¢, ±·µ³¥ ¨§³¥·¥´¨Ö
¢ÒÌµ¤  ¤¥²ÖÐ¨Ì¸Ö Ö¤¥·, ¸´¨³ ²¨¸Ó ±·¨¢Ò¥ ¨Ì · ¸¶ ¤  (·¨¸. 3). �µ ±·¨¢Ò³
· ¸¶ ¤  ³µ¦´µ ¡Ò²µ ¶·¨°É¨ ± ¢Ò¢µ¤Ê, ÎÉµ ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨¨ ¨µ´µ¢ ¡µ· 
µÉ 75 ¤µ 83 ŒÔ‚ ¢ ·¥ ±Í¨¨ 233U +11 B ¸¨´É¥§¨·Ê¥É¸Ö µ¤¨´ ¨ ÉµÉ ¦¥ ´Ê±²¨¤
¸ T1/2 = 2,6 ³¨´. ”Ê´±Í¨Ö ¢µ§¡Ê¦¤¥´¨Ö ·¥ ±Í¨¨ ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 4.
� ¸Î¥É ¸¥Î¥´¨Ö µ¡· §µ¢ ´¨Ö ¤¥²ÖÐ¥£µ¸Ö ¶·µ¤Ê±É  ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨¨, ¸µµÉ-
¢¥É¸É¢ÊÕÐ¥° ¥£µ ³ ±¸¨³ ²Ó´µ³Ê ¢ÒÌµ¤Ê, ¤ ¥É §´ Î¥´¨¥ 2, 0 · 10−33 ¸³2. �·¨
µ¡²ÊÎ¥´¨¨ 233U ¨µ´ ³¨ 10B ¸ Ô´¥·£¨¥° 60 ŒÔ‚ É ±¦¥ ¡Ò² µ¡´ ·Ê¦¥´ ¤¥-
²ÖÐ¨°¸Ö ¶·µ¤Ê±É ¶·¨³¥·´µ ¸ É ±¨³ ¦¥ ¸¥Î¥´¨¥³ µ¡· §µ¢ ´¨Ö ¨ ¸ ¶¥·¨µ¤µ³
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¶µ²Ê· ¸¶ ¤  T1/2 = 2, 6 ³¨´. ‚ ±µ´É·µ²Ó´ÒÌ Ô±¸¶¥·¨³¥´É Ì µ¡²ÊÎ ² ¸Ó ¨§-
£µÉµ¢²¥´´ Ö ¨§ 235U Éµ²¸É Ö ³¨Ï¥´Ó (4,5 ³£/¸³2) ¨µ´ ³¨ 11B ¸ Ô´¥·£¨¥° 74
¨ 82 ŒÔ‚ ¨ ¨µ´ ³¨ 10B ¸ Ô´¥·£¨¥°, · ¢´µ° 60 ŒÔ‚. ˆµ´ ³¨ 10B ¸ ÔÉµ°
¦¥ Ô´¥·£¨¥° µ¡²ÊÎ ²¨ 232Th. ’·¥±¨ µ¸±µ²±µ¢ ¤¥²ÖÐ¨Ì¸Ö Ö¤¥· ¸ ¶¥·¨µ¤ ³¨
¶µ²Ê· ¸¶ ¤  ¢ ³¨´ÊÉ´µ³ ¤¨ ¶ §µ´¥ § ·¥£¨¸É·¨·µ¢ ´Ò ´¥ ¡Ò²¨.

�¨¸. 4. ”Ê´±Í¨Ö ¢µ§¡Ê¦¤¥´¨Ö ·¥ ±Í¨¨ 233U(11B, α6n)234Am

Šµ´É·µ²Ó´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¶µ¤É¢¥·¤¨²¨ ´ ¤¥¦´µ¸ÉÓ ¶µ²ÊÎ¥´´ÒÌ ¤ ´-
´ÒÌ, ¨¡µ ¢ ´¨Ì ´¥ ´ ¡²Õ¤ ²¨ ´¨± ±µ£µ ¶µ¸Éµ·µ´´¥£µ Ëµ´ , ±µÉµ·Ò° ³µ£ ¡Ò
¶µ¢²¨ÖÉÓ ´  ·¥§Ê²ÓÉ ÉÒ Ô±¸¶¥·¨³¥´Éµ¢. ‚³¥¸É¥ ¸ É¥³ ¢¨¤ ËÊ´±Í¨¨ ¢µ§¡Ê¦¤¥-
´¨Ö ·¥ ±Í¨¨ 233U+11B ´¥ ¸µµÉ¢¥É¸É¢µ¢ ² Ëµ·³¥ ¨¸¶ ·¨É¥²Ó´ÒÌ ·¥ ±Í¨° É¨¶ 
233U(11B, xn), ¶µ ±·¨¢µ° ¢µ§¡Ê¦¤¥´¨Ö ±µÉµ·µ° ³µ¦´µ ¡Ò²µ ¡Ò ¨¤¥´É¨Ë¨Í¨-
·µ¢ ÉÓ ¸¨´É¥§¨·µ¢ ´´Ò° ´Ê±²¨¤. ”Ê´±Í¨Ö ¢µ§¡Ê¦¤¥´¨Ö ´µ¸¨²  ´¥µ¶·¥¤¥²¥´-
´Ò° Ì · ±É¥·, ¶µ¤µ¡´Ò° Éµ³Ê, ±µ£¤  Ö¤·µ ¨¸¶Ê¸± ¥É ´¥ Éµ²Ó±µ ´¥°É·µ´Ò, ´µ
¨ § ·Ö¦¥´´Ò¥ Î ¸É¨ÍÒ.

� ¨¡µ²¥¥ ¢¥·µÖÉ´µ¥ ¶·¥¤¶µ²µ¦¥´¨¥ ¸µ¸ÉµÖ²µ ¢ ¸²¥¤ÊÕÐ¥³: ´ ¡²Õ¤ ¥-
³Ò¥ µ¸±µ²±¨ ¤¥²¥´¨Ö Å ¶·µ¤Ê±ÉÒ Ö¤¥·, ·µ¦¤ ÕÐ¨Ì¸Ö ¢ ·¥ ±Í¨ÖÌ É¨¶ 
233U(11B, αxn) ¨ 233U(10B, αxn). ’ ±¨³ µ¡· §µ³, ¶·¥¤¸É ¢²Ö²µ¸Ó ¢¥¸Ó³ 
¢¥·µÖÉ´Ò³, ÎÉµ ¨¸¶ ·¨É¥²Ó´ Ö ·¥ ±Í¨Ö (HI, xn) ¸ x = 5 ¨²¨ 6 (HI Å ÉÖ-
¦¥²Ò¥ ¨µ´Ò), ¢ ±µÉµ·µ° ¡Ò ¸¨´É¥§¨·µ¢ ²¨¸Ó Ö¤·  ¸ T1/2 = 2, 6 ³¨´, ³µ£² 
¶·µÉ¥± ÉÓ ´  ¨µ´ Ì ¡µ·  ¶·¨ µ¡²ÊÎ¥´¨¨ ³¨Ï¥´¨ 230Th.

ˆ§¢¥¸É´µ, ÎÉµ ¶µ²ÊÎ¨ÉÓ Î¨¸ÉÊÕ ³¨Ï¥´Ó ¨§ 230Th ¸²µ¦´µ, ¶µÔÉµ³Ê ¨¸-
¶µ²Ó§µ¢ ² ¸Ó ¸³¥¸Ó µ±¨¸²µ¢ ¨§µÉµ¶µ¢ 230Th ¨ 232Th. „²Ö ¶µ¢ÒÏ¥´¨Ö ¶·µÎ-
´µ¸É¨ ³¨Ï¥´¨ ¢ ¸³¥¸Ó ¤µ¡ ¢²Ö²¨¸Ó µ·£ ´¨Î¥¸±¨¥ ¸µ¥¤¨´¥´¨Ö ¨ ¶·¨£µÉµ¢²¥´-
´ Ö ³ ¸¸  ´ ´µ¸¨² ¸Ó ´   ²Õ³¨´¨¥¢ÊÕ ¶µ¤²µ¦±Ê Éµ´±¨³¨ ¸²µÖ³¨. �·¨ ÔÉµ³
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µ·£ ´¨±Ê ¢Ò¦¨£ ²¨ ¶µ¸²¥ ´ ´¥¸¥´¨Ö ± ¦¤µ£µ ¸²µÖ. ’µ²Ð¨´  ³¨Ï¥´¨ ¶µ ¨§µ-
Éµ¶Ê 230Th cµ¸É ¢²Ö²  250 ³±£/c³2. �·µ¡¥£ Ê¸±µ·¥´´ÒÌ ¨µ´µ¢ ¢ ³ É¥·¨ ²¥,
Ô±¢¨¢ ²¥´É´µ³ Î¨¸Éµ³Ê ¨§µÉµ¶Ê 230Th, · ¢´Ö²¸Ö 1,2 ³£/¸³2. Œ ±¸¨³ ²Ó´Ò¥
¶µÉ¥·¨ ¢ ³¨Ï¥´´µ³ ³ É¥·¨ ²¥ (¸ ÊÎ¥Éµ³ ¨§µÉµ¶  232Th Éµ²Ð¨´  ³¨Ï¥´¨
· ¢´  2,4 ³£/¸³2) ¸µ¸É ¢²Ö²¨ ∼ 1, 5 MÔ‚.

‚ ¶·µÍ¥¸¸¥ µ¡²ÊÎ¥´¨Ö ³¨Ï¥´¨ ¨§ ®²¥£±µ£µ¯ Éµ·¨Ö Ê¸±µ·¥´´Ò³¨ ¨µ´ ³¨
¨§µÉµ¶µ¢ ¡µ·  10B ¨ 11B ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨° µÉ 50 ¤µ 90 ŒÔ‚ ¡Ò²¨ § ·¥£¨-
¸É·¨·µ¢ ´Ò µ¸±µ²±¨ ¤¥²¥´¨Ö Ö¤· , · ¸¶ ¤ ÕÐ¥£µ¸Ö ¸ ¶¥·¨µ¤µ³ ¶µ²Ê· ¸¶ ¤ 
2,6 ³¨´. ”µ·³  ËÊ´±Í¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¸µµÉ¢¥É¸É¢µ¢ ²  ¨¸¶ ·¨É¥²Ó´Ò³ ·¥ ±-
Í¨Ö³ ¸ ¨¸¶Ê¸± ´¨¥³ ¨§ ¸µ¸É ¢´µ£µ Ö¤·  Ï¥¸É¨ ¨ ¸¥³¨ ´¥°É·µ´µ¢ (¤²Ö 10B ¨
11B ¸µµÉ¢¥É¸É¢¥´´µ). �µ²µ¦¥´¨¥ ³ ±¸¨³Ê³µ¢ ËÊ´±Í¨° ¢µ§¡Ê¦¤¥´¨Ö Ö¤¥·´ÒÌ
·¥ ±Í¨° 230Th(10B, 6n)234Am ¨ 230Th(11B, 7n)234Am ´ °¤¥´Ò Ô±¸¶¥·¨³¥´-
É ²Ó´µ. Œ ±¸¨³Ê³Ò ËÊ´±Í¨° ¢µ§¡Ê¦¤¥´¨Ö ¶·¨ Ô´¥·£¨ÖÌ ¨µ´µ¢ ¡µ·  70,5 ŒÔ‚
(10B) ¨ 82,0 ŒÔ‚ (11B) ¸µ¢¶ ¤ ²¨ ¸ ¨Ì · ¸Î¥É´Ò³¨ §´ Î¥´¨Ö³¨, ±µ£¤  É¥³¶¥-
· ÉÊ·Ê ¸µ¸É ¢´µ£µ Ö¤·  T · ¸¸Î¨ÉÒ¢ ²¨ ¶µ ¸¨¸É¥³ É¨±¥ T = f(A) [13]. „²Ö
¸µ¸É ¢´ÒÌ Ö¤¥· ¢ ¶·¨¢¥¤¥´´ÒÌ ¢ÒÏ¥ ·¥ ±Í¨ÖÌ T = 1, 5 ŒÔ‚.

�  ÔÉµ³ µ¸´µ¢ ´¨¨ ¤¥²ÖÐ¨¥¸Ö Ö¤·  ¸ ¶¥·¨µ¤µ³ ¶µ²Ê· ¸¶ ¤  2,6 ³¨´
¨¤¥´É¨Ë¨Í¨·µ¢ ´Ò ± ± ¶·µ¤Ê±ÉÒ · ¸¶ ¤  ¨§µÉµ¶   ³¥·¨Í¨Ö ¸ ³ ¸¸µ¢Ò³ Î¨-
¸²µ³ 234.

�·¨¸ÊÉ¸É¢¨¥ 232Th ¢ ³ É¥·¨ ²¥ ³¨Ï¥´¨ ´¥ ¢²¨Ö²µ ´  ¢ÒÌµ¤ ¤¥²ÖÐ¥£µ¸Ö
¶·µ¤Ê±É  ¸ T1/2 = 2, 6 ³¨´, ± ± ¡Ò²µ ¶µ± § ´µ ±µ´É·µ²Ó´Ò³¨ Ô±¸¶¥·¨³¥´-
É ³¨, ¢ ±µÉµ·ÒÌ ³¨Ï¥´Ó 232Th Éµ²Ð¨´µ° 5 ³£/¸³2 µ¡²ÊÎ ²¨ ¨µ´ ³¨ ¡µ· 
¸ Ô´¥·£¨Ö³¨ 70,5 ¨ 82,0 ŒÔ‚. �·¨ ÔÉµ³ ¤¥²ÖÐ¨e¸Ö ¶·µ¤Ê±ÉÒ ¸ ³¨´ÊÉ´Ò³¨
¶¥·¨µ¤ ³¨ ¶µ²Ê· ¸¶ ¤  ´¥ ´ ¡²Õ¤ ²¨¸Ó. ”µ´ ³µ£ ¢µ§´¨± ÉÓ Éµ²Ó±µ §  ¸Î¥É
¤¥²¥´¨Ö ¸²¥¤µ¢ Ê· ´ , ¸µ¤¥·¦ Ð¥£µ¸Ö ¢ ¸É¥±²Ö´´ÒÌ É¢¥·¤µÉ¥²Ó´ÒÌ ¤¥É¥±Éµ-
· Ì. ‚´µ¸¨³ Ö ÔÉ¨³ ¶µ£·¥Ï´µ¸ÉÓ ¢ ¨§³¥·¥´¨Ö ´¥ ¶·¥¢ÒÏ ²  5%.

‘¥Î¥´¨Ö µ¡· §µ¢ ´¨Ö Ö¤¥· 234Am, ¸µ¶·µ¢µ¦¤ ÕÐ¨Ì¸Ö ¤¥²¥´¨¥³ ¢ ·¥ ±-
Í¨ÖÌ 230Th(10B, 6n)234Am ¨ 230Th(11B, 7n)234Am, · ¸¸Î¨É ´´Ò¥ ´  µ¸´µ¢¥
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, · ¢´Ò, ¸µµÉ¢¥É¸É¢¥´´µ, (5, 7±0, 5)10−34 ¨ (5, 4±
0, 5)10−34 ¸³2 ¢ ³ ±¸¨³Ê³ Ì ËÊ´±Í¨° ¢µ§¡Ê¦¤¥´¨Ö. ‚ · ¡µÉ¥, µ¶Ê¡²¨±µ¢ ´-
´µ° ¢ 1967 £. (¸³.[3]),  ¢Éµ·Ò ¶·¨Ï²¨ ± ¢Ò¢µ¤Ê: ®H¥ ¨¸±²ÕÎ¥´  ¢µ§³µ¦´µ¸ÉÓ
§ ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö, ¥¸²¨ ¶·¨ K-§ Ì¢ É¥ 234Am µ¡· §Ê¥É¸Ö Ö¤·µ 234Pu
¸ ¡µ²ÓÏµ° Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö¯.

Šµ£¤  Ô´¥·£¨Ö Ê¸±µ·¥´´ÒÌ ¨µ´µ¢ 10B ¶·¥¢µ¸Ìµ¤¨²  82 ŒÔ‚, ´ ¡²Õ¤ ²¨¸Ó
¤¥²ÖÐ¨¥¸Ö Ö¤·  ¸ ¶¥·¨µ¤µ³ ¶µ²Ê· ¸¶ ¤  1,40 ³¨´. Œ ±¸¨³Ê³ ËÊ´±Í¨¨ ¢µ§¡Ê-
¦¤¥´¨Ö ÔÉµ£µ ¨§²ÊÎ É¥²Ö ¡Ò² ¸¤¢¨´ÊÉ ´  12 ŒÔ‚ ¢ ¸Éµ·µ´Ê ¡µ²ÓÏ¨Ì Ô´¥·£¨°
µÉ´µ¸¨É¥²Ó´µ ³ ±¸¨³Ê³  ËÊ´±Í¨¨ ¢µ§¡Ê¦¤¥´¨Ö 230Th(10B, 6n). ‚²¨Ö´¨¥ · ¸-
¶ ¤  ÔÉµ£µ ¨§µÉµ¶  ¡Ò²µ ÊÎÉ¥´µ ¶·¨ · ¸Î¥É¥ ¸¥Î¥´¨Ö µ¡· §µ¢ ´¨Ö ¤¥²ÖÐ¥£µ¸Ö
¶·µ¤Ê±É  ¢ ¶·µÍ¥¸¸¥ ¸¨´É¥§  234Am.

�¡´ ·Ê¦¥´´µ¥ ¤¥²¥´¨¥ Ö¤¥· ¸ ¶¥·¨µ¤µ³ ¶µ²Ê· ¸¶ ¤  T1/2 = 1, 40 ³¨´
¨§ÊÎ¨²¨ ¢ ¸¶¥Í¨ ²Ó´µ ¶µ¸É ¢²¥´´ÒÌ Ô±¸¶¥·¨³¥´É Ì [2]. ‚·¥³Ö µ¡²ÊÎ¥´¨Ö
³¨Ï¥´¨, § ¤¥·¦±Ê ¤µ ´ Î ²  ·¥£¨¸É· Í¨¨ µ¸±µ²±µ¢ ¤¥²¥´¨Ö ¨ ¢·¥³Ö ´ Ìµ¦¤¥-
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�¨¸. 5. Š·¨¢Ò¥ · ¸¶ ¤  ¨§µÉµ¶  232Am, ¶µ²ÊÎ¥´´Ò¥ ¢ ·¥§Ê²ÓÉ É¥ ·¥£¨¸É· Í¨¨ µ¸±µ²-
±µ¢ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö ·¥ ±Í¨¨ 230Th(10B, 8n)232Am ¶·¨ · §²¨Î´ÒÌ Ô´¥·£¨ÖÌ
¨µ´µ¢ 10B: ±·¥¸É¨±¨ ¨ ¸¢¥É²Ò¥ ±¢ ¤· É¨±¨ Å 88,5 ŒÔ‚; ¸¢¥É²Ò¥ ±·Ê¦±¨ Å 82,0 ŒÔ‚

´¨Ö ¤¥É¥±Éµ·  ´ ¤ ³¨Ï¥´ÓÕ ¢Ò¡¨· ²¨ µ¶É¨³ ²Ó´Ò³ µ¡· §µ³ ¤²Ö ·¥£¨¸É· Í¨¨
µ¸±µ²±µ¢ ¤¥²¥´¨Ö ¶·µ¤Ê±É  ¸ ¶¥·¨µ¤µ³ ¶µ²Ê· ¸¶ ¤  1,40 ³¨´. �µ²´ Ö ÔËË¥±-
É¨¢´µ¸ÉÓ ¸Î¥É  µ¸±µ²±µ¢ ¤¥²¥´¨Ö ¸µ¸É ¢²Ö²  µ±µ²µ 15% (¸ ÊÎ¥Éµ³ ¶µÉ¥·Ó ´ 
· ¸¶ ¤ ¢µ ¢·¥³Ö µ¡²ÊÎ¥´¨Ö ¨ § ¤¥·¦±¨). Š·¨¢Ò¥ · ¸¶ ¤  ¶·¨¢¥¤¥´Ò ´  ·¨¸. 5.
�  ·¨¸. 6 ¶·¥¤¸É ¢²¥´  ËÊ´±Í¨Ö ¢µ§¡Ê¦¤¥´¨Ö ¤¥²ÖÐ¥£µ¸Ö ´Ê±²¨¤  ¸ ¶¥·¨µ-
¤µ³ ¶µ²Ê· ¸¶ ¤  1,40 ³¨´ ¶·¨ ´µ·³¨·µ¢±¥ Î¨¸²  µ¸±µ²±µ¢ ¢ ± ¦¤µ° ÉµÎ±¥ ´ 
2, 53 ·1017 ¨µ´µ¢ 10B. ”µ·³  ËÊ´±Í¨¨ ¢µ§¡Ê¦¤¥´¨Ö Å ±µ²µ±µ²µµ¡· §´ Ö, É¨-
¶¨Î´ Ö ¤²Ö (HI, xn)-·¥ ±Í¨¨. ˆ§ ¶µ²µ¦¥´¨Ö ³ ±¸¨³Ê³  ËÊ´±Í¨¨ ¢µ§¡Ê¦¤¥´¨Ö
¨ Ì · ±É¥·¨§ÊÕÐ¥° ¥¥ ´  Ê·µ¢´¥ 0,5 ¶µ²ÊÏ¨·¨´Ò ¸²¥¤µ¢ ²µ, ÎÉµ ´ ¡²Õ¤ ²¨¸Ó
µ¸±µ²±¨ ¤¥²¥´¨Ö ¶·µ¤Ê±É  ·¥ ±Í¨¨ 230Th(10B, 8n)232Am. ’ ±¨³ µ¡· §µ³, ¤¥-
²ÖÐ¨°¸Ö ´Ê±²¨¤ ¸ ¶¥·¨µ¤µ³ ¶µ²Ê· ¸¶ ¤  1,40 ³¨´ ¡Ò² ¨¤¥´É¨Ë¨Í¨·µ¢ ´ ± ±
¶·µ¤Ê±É ¨§µÉµ¶  232Am. ˆ§³¥·¥´´µ¥ ¸¥Î¥´¨¥ µ¡· §µ¢ ´¨Ö 232Am ¢ ³ ±¸¨-
³Ê³¥ ËÊ´±Í¨¨ ¢µ§¡Ê¦¤¥´¨Ö · ¢´µ (2, 3± 0, 4)10−33 ¸³2.

‚ ¢ÒÏ¥¤Ï¥° ¢ 1967 £. · ¡µÉ¥ [2]  ¢Éµ·Ò ¶·¨Ï²¨ ± § ±²ÕÎ¥´¨Õ: ®Ÿ¤·µ
232Am ¸ ¶¥·¨µ¤µ³ ¶µ²Ê· ¸¶ ¤  1,40 ³¨´ ¶·¥É¥·¶¥¢ ¥É Š-§ Ì¢ É, ÎÉµ ¢µ§-
³µ¦´µ, ¥¸²¨ ¨¸Ìµ¤¨ÉÓ ¨§ µ¦¨¤ ¥³µ° Ô´¥·£¨¨ Ô²¥±É·µ´´µ£µ § Ì¢ É . �·¨
· ¸¶ ¤¥ ´  ¢µ§¡Ê¦¤¥´´Ò¥ Ê·µ¢´¨ ¨§µÉµ¶  232Pu, ¡²¨§±¨¥ ± ¢Ò¸µÉ¥ ¡ ·Ó¥· 
¤¥²¥´¨Ö, ¶·µ¨¸Ìµ¤¨É ¤¥²¥´¨¥ ¨§ ÔÉ¨Ì ¸µ¸ÉµÖ´¨°¯.

�´ ²¨§ ¶¥·¨µ¤µ¢ ¶µ²Ê· ¸¶ ¤  ¨ Ô´¥·£¨° · ¸¶ ¤  ¶µ µÉ´µÏ¥´¨Õ ± Ô²¥±-
É·µ´´µ³Ê § Ì¢ ÉÊ ¨ α-· ¸¶ ¤Ê ²¥£±¨Ì ¨§µÉµ¶µ¢ Np ¨ Ô±¸É· ¶µ²ÖÍ¨Ö ¨Ì §´ Î¥-
´¨° ´  ´¥¨§¢¥¸É´Ò¥ ´¥°É·µ´µ¤¥Ë¨Í¨É´Ò¥ Ö¤·  ´¥¶ÉÊ´¨Ö ¶·¨¢¥²¨ ± § ±²ÕÎ¥-
´¨Õ µ ¢µ§³µ¦´µ¸É¨ ´ ¡²Õ¤¥´¨Ö § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö ¨§µÉµ¶µ¢ Np.
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�¨¸. 6. ”Ê´±Í¨Ö ¢µ§¡Ê¦¤¥´¨Ö ·¥ ±Í¨¨ 230Th(10B, 8n)232Am

„²Ö ¶·µ¢¥·±¨ ÔÉµ£µ ¶·¥¤¶µ²µ¦¥´¨Ö ¢¨¸³ÊÉµ¢ÊÕ ´ ±²µ´´ÊÕ ³¨Ï¥´Ó c
ÔËË¥±É¨¢´µ° Éµ²Ð¨´µ° 9,5 ³£/¸³2 µ¡²ÊÎ ²¨ Ê¸±µ·¥´´Ò³¨ ¨µ´ ³¨ 22Ne ¸ ¨´-
É¥´¸¨¢´µ¸ÉÓÕ 1014 ¸−1. ‘¥ ´¸Ò µ¡²ÊÎ¥´¨Ö ¤²¨²¨¸Ó 4 ³¨´,   § É¥³, ¶µ¸²¥ ¢Ò-
±²ÕÎ¥´¨Ö Í¨±²µÉ·µ´´µ£µ ¶ÊÎ± , ´ ¤ µ¡²ÊÎ¥´´Ò³ ¢¥Ð¥¸É¢µ³ ¶µ¸²¥¤µ¢ É¥²Ó´µ
Î¥·¥§ · ¢´Ò¥ µ¤´µ° ³¨´ÊÉ¥ ¨´É¥·¢ ²Ò Ê¸É ´ ¢²¨¢ ²¨ É¢¥·¤µÉ¥²Ó´Ò¥ ¤¥É¥±-
Éµ·Ò. ‚ ·¥§Ê²ÓÉ É¥ Ê¤ ²µ¸Ó µ¡´ ·Ê¦¨ÉÓ ¢ ¶·µÍ¥¸¸¥ µ¡²ÊÎ¥´¨Ö ¢¨¸³ÊÉµ¢µ°
³¨Ï¥´¨ Ê¸±µ·¥´´Ò³¨ ¤µ Ô´¥·£¨¨ 110 ŒÔB ¨µ´ ³¨ 22Ne ¤¥²ÖÐ¨°¸Ö ¨§µÉµ¶ ¸
¶¥·¨µ¤µ³ ¶µ²Ê· ¸¶ ¤  (60± 5) ¸ [4].

�  ·¨¸. 7 ¨§µ¡· ¦¥´  ±·¨¢ Ö · ¸¶ ¤ , ¶µ²ÊÎ¥´´ Ö ¢ ¤¢ÊÌ ´¥§ ¢¨¸¨³ÒÌ
Ô±¸¶¥·¨³¥´É Ì. „²Ö ·¥£¨¸É· Í¨¨ µ¸±µ²±µ¢ ¤¥²¥´¨Ö É ±¦¥ ¨¸¶µ²Ó§µ¢ ²¨ É¢¥·-
¤µÉ¥²Ó´Ò¥ É·¥±µ¢Ò¥ ¤¥É¥±Éµ·Ò. ”Ê´±Í¨Ö ¢µ§¡Ê¦¤¥´¨Ö ¤¥²ÖÐ¥£µ¸Ö ¶·µ¤Ê±É 
¶µ²ÊÎ¥´ , ±µ£¤  µ¡²ÊÎ ²¨ Éµ´±ÊÕ ¢¨¸³ÊÉµ¢ÊÕ ³¨Ï¥´Ó ¨µ´ ³¨ 22Ne. �·µ-
¡¥£ ¨µ´  ¢ ³¨Ï¥´¨ · ¢´Ö²¸Ö 2,10 ³£/¸³2. ”µ´, ¢µ§´¨± ¢Ï¨° ¨§-§  ¤¥²¥´¨Ö
¶·¨³¥¸¥° Ê· ´  ¢ ¤¥É¥±Éµ· Ì, ±µ´É·µ²¨·µ¢ ²¨ ¶µ Î¨¸²Ê É·¥±µ¢ ´  µ¡· É-
´ÒÌ ¸Éµ·µ´ Ì ¤¥É¥±Éµ·µ¢, ´¥¤µ¸ÉÊ¶´ÒÌ µ¸±µ²± ³ ¤¥²¥´¨Ö Ö¤¥·´µ° ·¥ ±Í¨¨
209Bi(22Ne, xn).

”µ·³  ¨ ¶µ²µ¦¥´¨¥ ³ ±¸¨³Ê³  ËÊ´±Í¨¨ ¢µ§¡Ê¦¤¥´¨Ö ´Ê±²¨¤  ¸ ¶¥·¨-
µ¤µ³ ¶µ²Ê· ¸¶ ¤  T1/2 = 60 ¸ (·¨¸. 8) ¸µµÉ¢¥É¸É¢µ¢ ²¨ Ö¤¥·´µ° ·¥ ±Í¨¨,
¶·µÉ¥± ÕÐ¥° Î¥·¥§ µ¡· §µ¢ ´¨¥ ¸µ¸É ¢´µ£µ Ö¤·  ¸ ¶µ¸²¥¤ÊÕÐ¨³ ¨¸¶ ·¥´¨¥³
É·¥Ì ´¥°É·µ´µ¢.

‘¨´É¥§ ¤¥²ÖÐ¨Ì¸Ö ¨§µÉµ¶µ¢ ¢ ·¥ ±Í¨ÖÌ 209Bi(22Ne, p2n) ¨
209Bi(22Ne, α3n) ¨¸±²ÕÎ ²¨ ¨§ · ¸¸³µÉ·¥´¨Ö ¶ÊÉ¥³ ±µ´É·µ²Ó´ÒÌ Ô±¸¶¥·¨-
³¥´Éµ¢: µ¡²ÊÎ ²¨ ¸¢¨´Íµ¢ÊÕ ³¨Ï¥´Ó Ê¸±µ·¥´´Ò³¨ Ö¤· ³¨ ´¥µ´ . ‚ ·¥ ±-
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�¨¸. 7. Š·¨¢ Ö · ¸¶ ¤  ¤¥²ÖÐ¨Ì¸Ö ¶·µ¤Ê±Éµ¢ ·¥ ±Í¨¨ 209Bi(22Ne, 3n)228Np

Í¨ÖÌ 208Pb(22Ne, 3n) ¨ 208Pb(22Ne, 4n) ¤¥²ÖÐ¨e¸Ö ¶·µ¤Ê±ÉÒ c ¶¥·¨µ¤ ³¨
¶µ²Ê· ¸¶ ¤  ¢ ³¨´ÊÉ´µ° µ¡² ¸É¨ ´¥ ´ ¡²Õ¤ ²¨¸Ó ¢ Ï¨·µ±µ³ ¨´É¥·¢ ²¥ Ô´¥·-
£¨° 22Ne. ’ ±¨³ µ¡· §µ³, ·¥ ±Í¨¨ 209Bi(22Ne, p2n) ¨ 209Bi(22Ne, p3n) ´¥
¤µ²¦´Ò ¸µ¶·µ¢µ¦¤ ÉÓ¸Ö µ¸±µ²± ³¨ ¤¥²¥´¨Ö. �¥ ¡Ò²µ § ·¥£¨¸É·¨·µ¢ ´µ ¤¥-
²¥´¨Ö ¨ ¶·¨ µ¡²ÊÎ¥´¨¨ 209Bi ¨µ´ ³¨ 18O ¸ Ô´¥·£¨¥°, ¤µ¸É ÉµÎ´µ° ¤²Ö ¶·µ-
É¥± ´¨Ö ·¥ ±Í¨¨ 209Bi(18O, 3n), ÎÉµ ¨¸±²ÕÎ ²µ ¢µ§³µ¦´µ¸ÉÓ ¶µÖ¢²¥´¨Ö ¤¥-
²ÖÐ¨Ì¸Ö ¶·µ¤Ê±Éµ¢ ¢ ·¥ ±Í¨¨ 209Bi(22Ne, α3n). ‘µ¢µ±Ê¶´µ¸ÉÓ ¶·µ¢¥¤¥´´ÒÌ
Ô±¸¶¥·¨³¥´Éµ¢ ¶µ§¢µ²¨²  ¨¤¥´É¨Ë¨Í¨·µ¢ ÉÓ ¨§µÉµ¶, ¸µ¶·µ¢µ¦¤ ¥³Ò° ¤¥²¥-
´¨¥³ ¸ ¶¥·¨µ¤µ³ ¶µ²Ê· ¸¶ ¤  60 ¸, ± ± 228Np. ‘¥Î¥´¨¥ µ¡· §µ¢ ´¨Ö ¤¥-
²ÖÐ¨Ì¸Ö Ö¤¥· ¢ ³ ±¸¨³Ê³¥ ËÊ´±Í¨¨ ¢µ§¡Ê¦¤¥´¨Ö ·¥ ±Í¨¨ 209Bi(22Ne, 3n)
· ¢´µ 0, 45 ·10−33 ¸³2. ‚¸¥ ¸¨´É¥§¨·µ¢ ´´Ò¥ ´ ³¨ ´¥°É·µ´µ¤¥Ë¨Í¨É´Ò¥ Ö¤· 
´¥Î¥É´µ-´¥Î¥É´Ò¥ (228Np, 232,234Am). �Éµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ, ± ± Ê¶µ³¨´ ²µ¸Ó
¢ÒÏ¥, ¡² £µ¶·¨ÖÉ¸É¢Ê¥É ¶·µÉ¥± ´¨Õ ¶·µÍ¥¸¸  § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö.

�µ§¤´¥¥ µ¤´¨³ ¨§  ¢Éµ·µ¢ µ¡§µ·  ¢ · ¡µÉ¥ [14] ¶·µ¢¥¤¥´ ÉÐ É¥²Ó´Ò°
 ´ ²¨§ · ¸¸³µÉ·¥´´ÒÌ ¢ÒÏ¥ Ô±¸¶¥·¨³¥´Éµ¢, ¢ ·¥§Ê²ÓÉ É¥ ±µÉµ·µ£µ µ¤´µ-
§´ Î´µ Ê¸É ´µ¢²¥´µ, ÎÉµ ´ ¡²Õ¤ ¥³Ò¥ µ¸±µ²µÎ´Ò¥  ±É¨¢´µ¸É¨ µ¡Ê¸²µ¢²¥´Ò
¤¥²¥´¨¥³ ¨§ ¢µ§¡Ê¦¤¥´´µ£µ ¸µ¸ÉµÖ´¨Ö ¤µÎ¥·´¨Ì Ö¤¥·, µ¡· §µ¢ ¢Ï¨Ì¸Ö ¶µ¸²¥
…‘-· ¸¶ ¤  ³ É¥·¨´¸±¨Ì Ö¤¥· 232,234Am ¨ 228Np. �¢Éµ·µ³ É ±¦¥ ¶µ± § ´µ,
ÎÉµ Ô´¥·£¨¨ …‘-§ Ì¢ É  QEC

228Np ¨ 232Am ¡µ²ÓÏ¥ ¡ ·Ó¥·µ¢ ¤¥²¥´¨Ö Bf
¤µÎ¥·´¨Ì Ö¤¥· 228U ¨ 232Pu,   Ê Ö¤·  234Am ¢¥²¨Î¨´  QEC ¸· ¢´¨³  ¸
Bf Ö¤·  234Pu. ‡¤¥¸Ó ¦¥ µÍ¥´¥´Ò ¢¥·µÖÉ´µ¸É¨ PDF ¤²Ö 228Np ∼ 10−3 ¨
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�¨¸. 8. ”Ê´±Í¨Ö ¢µ§¡Ê¦¤¥´¨Ö ·¥ ±Í¨¨ 209Bi(22Ne, 3n)228Np

232Am ∼ 10−2, ¶µ²ÊÎ¥´µ ¸µµÉ´µÏ¥´¨¥ ³¥¦¤Ê PDF2 ¤²Ö 232Am ¨ PDF4 ¤²Ö
234Am: PDF2 > PDF4.

’ ±¨³ µ¡· §µ³, ´  ¶ÊÎ± Ì ÉÖ¦¥²ÒÌ ¨µ´µ¢ ´ ³¨ ¡Ò²¨ ¸¨´É¥§¨·µ¢ ´Ò
³ É¥·¨´¸±¨¥ Ö¤·  228Np, 232Am, 234Am, ¤µÎ¥·´¨¥ ¶·µ¤Ê±ÉÒ ±µÉµ·ÒÌ, ¢µ§-
´¨± ÕÐ¨¥ ¶µ¸²¥ …C-§ Ì¢ É , 238U, 232Pu ¨ 234Pu ¨¸¶ÒÉÒ¢ ÕÉ ¤¥²¥´¨¥ ¨§
¢µ§¡Ê¦¤¥´´µ£µ ¸µ¸ÉµÖ´¨Ö.

Œ¨´ÊÉ´Ò¥ ¶¥·¨µ¤Ò ¶µ²Ê· ¸¶ ¤  ³ É¥·¨´¸±¨Ì Ö¤¥· ¶µ µÉ´µÏ¥´¨Õ ±
…‘-§ Ì¢ ÉÊ ¨ µÉ´µ¸¨É¥²Ó´µ ¡µ²ÓÏ¨¥ ¸¥Î¥´¨Ö µ¡· §µ¢ ´¨Ö ¸¤¥² ²¨ ¨Ì µ¸´µ¢-
´Ò³¨ µ¡Ñ¥±É ³¨ ¤ ²Ó´¥°Ï¥£µ ¨§ÊÎ¥´¨Ö § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö ´¥°É·µ´µ-
¤¥Ë¨Í¨É´ÒÌ Ö¤¥·, ¶µ§¢µ²¨¢Ï¨³¨ ¨¸¶µ²Ó§µ¢ ÉÓ · ¤¨µÌ¨³¨Î¥¸±¨¥ ³¥Éµ¤Ò ¨
¶µ²ÊÎ¨ÉÓ ¶·Ö³µ¥ ¶µ¤É¢¥·¦¤¥´¨¥, ÎÉµ ´Ê±²¨¤Ò ¸ T1/2 ¶µ·Ö¤±  ³¨´ÊÉ ¨¸¶ÒÉÒ-
¢ ÕÉ ¨³¥´´µ § ¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥´¨¥, ÌµÉÖ ± ÔÉµ³Ê ¢·¥³¥´¨ ¸ÊÐ¥¸É¢µ¢ ¢Ï¨¥
±µ¸¢¥´´Ò¥ ¤ ´´Ò¥ ´¥ ¢Ò§Ò¢ ²¨ ¸µ³´¥´¨Ö ¢ Ì · ±É¥·¥ ¶·µÍ¥¸¸  [15Ä17]. � ¤µ
µÉ³¥É¨ÉÓ, ÎÉµ ¢ · ¡µÉ¥ ‘µ³³¥·¢¨²Ö ¨ ¤·. [18], ¢ÒÏ¥¤Ï¥° ¢ 1977 £., £¤¥ ¡Ò²¨
Î ¸É¨Î´µ ¶·µ¢¥·¥´Ò ´ Ï¨ Ô±¸¶¥·¨³¥´ÉÒ (¶µ¤É¢¥·¦¤¥´µ ¸ÊÐ¥¸É¢µ¢ ´¨¥ 2,6
³¨´  ±É¨¢´µ¸É¨ ¨ ³¨´ÊÉ´µ£µ ¨§µÉµ¶  228Np), ¢Ò¸± §Ò¢ ²µ¸Ó ¸µ³´¥´¨¥ ¶µ
¶µ¢µ¤Ê ¶·¥¤²µ¦¥´´µ° ´ ³¨ ¨´É¥·¶·¥É Í¨¨ ´ ¡²Õ¤¥´´µ£µ ¤¥²¥´¨Ö ± ± § ¶ §-
¤Ò¢ ÕÐ¥° ³µ¤Ò, ´µ µ¶ÒÉÒ ¶µ ¶µ¨¸±Ê ¨ ¨¤¥´É¨Ë¨± Í¨¨ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥-
²¥´¨Ö Ö¤¥· ¸ N < 126 µ±µ´Î É¥²Ó´µ ¸´Ö²¨ ¢µ¶·µ¸ µ Ì · ±É¥·¥ ¶·µÉ¥± ÕÐ¨Ì
¶·µÍ¥¸¸µ¢, ¶·¨¢µ¤ÖÐ¨Ì ± ¤¥²¥´¨Õ ¶·µ¤Ê±Éµ¢ ´¥°Épµ´µ¤¥Ë¨Í¨É´ÒÌ Ö¤¥·.

2.2. ‘¨´É¥§ ¨ ¨§ÊÎ¥´¨¥ ´Ê±²¨¤µ¢ 234Am ¨ 232Am ¢ Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ
´  Ê¸±µ·¥´´ÒÌ ¶ÊÎ± Ì α-Î ¸É¨Í. ‡ ¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥´¨¥ Ö¤¥· 234Am ¨
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232Am ¤¥É ²Ó´µ ¨¸¸²¥¤µ¢ ²¨ ¢ Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ ´  Ê¸±µ·¥´´ÒÌ α-Î ¸É¨Í Ì.
�Éµ ¸¢Ö§ ´µ ¸ µÉ´µ¸¨É¥²Ó´µ ¡µ²ÓÏ¨³¨ ¶¥·¨µ¤ ³¨ ¶µ²Ê· ¸¶ ¤  ÔÉ¨Ì ¨§µÉµ¶µ¢,
µÉ±·Ò¢ ÕÐ¨³¨ ¶ÊÉÓ ¤²Ö ¶·¨³¥´¥´¨Ö ¸²µ¦´ÒÌ ³¥Éµ¤¨±, ¢±²ÕÎ Ö Ì¨³¨Î¥¸±µ¥
· §¤¥²¥´¨¥ Ô²¥³¥´Éµ¢, ¤ ¢Ï¥¥ ¢µ§³µ¦´µ¸ÉÓ ¢ §´ Î¨É¥²Ó´µ° ¸É¥¶¥´¨ µÎ¨¸É¨ÉÓ
 ³¥·¨Í¨° µÉ γ- ±É¨¢´µ¸É¥°, § É·Ê¤´ÖÕÐ¨Ì ·¥£¨¸É· Í¨Õ ·¥´É£¥´µ¢¸±µ£µ ¨§²Ê-
Î¥´¨Ö, ¸µ¶·µ¢µ¦¤ ÕÐ¥£µ K-§ Ì¢ É ¢ ¤µÎ¥·´¨Ì Ö¤· Ì ¶²ÊÉµ´¨Ö. •¨³¨Î¥¸± Ö
µÎ¨¸É±  ¨ · §¤¥²¥´¨¥ Ô²¥³¥´Éµ¢ ¸É ²¨ ¸ÊÐ¥¸É¢¥´´Ò³ Ë ±Éµ·µ³, ¶µ§¢µ²¨¢Ï¨³
¨§³¥·¨ÉÓ ¸µ¢¶ ¤¥´¨Ö µ¸±µ²±µ¢ ¤¥²¥´¨Ö ¸ ·¥´É£¥´µ¢¸±¨³ ¨§²ÊÎ¥´¨¥³ ¤µÎ¥·´¨Ì
Ö¤¥·,   É ±¦¥ µ¶·¥¤¥²¨ÉÓ σEC Å ¸¥Î¥´¨¥ µ¡· §µ¢ ´¨Ö ¨§µÉµ¶µ¢, ¨¸¶ÒÉÒ¢ Õ-
Ð¨Ì K-§ Ì¢ É, ¨ PDF Å ¢¥·µÖÉ´µ¸ÉÓ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö.

• ¡¸ ¨ ¤·. [19] ¶¥·¢Ò³¨ ¸¨´É¥§¨·µ¢ ²¨ 232Am ´  ¶ÊÎ± Ì α-Î ¸É¨Í ¸ Ô´¥·-
£¨¥° 104 ŒÔ‚ ¢ Ö¤¥·´µ° ·¥ ±Í¨¨ 237Np(α, 9n)232Am. ‚ ¶·µÍ¥¸¸¥ µ¡²ÊÎ¥´¨Ö
³¨Ï¥´¨ Éµ²Ð¨´µ° 100 ³±£/¸³2 ¨§ ´¥¥ ¢Ò¡¨¢ ²¨¸Ó Ö¤·  µÉ¤ Î¨ ¨ Éµ·³µ§¨-
²¨¸Ó ¢ Éµ´±µ° £· Ë¨Éµ¢µ° ¶²¥´±¥ (100 ³±£/c³2), · ¸¶µ²µ¦¥´´µ° §  ³¨Ï¥´ÓÕ
´  · ¸¸ÉµÖ´¨¨ 5 ³³. �µ¸²¥ ¢Ò±²ÕÎ¥´¨Ö ¶ÊÎ±  Ê¸±µ·¨É¥²Ö ¶²¥´±Ê-¸¡µ·´¨±
¶µ¸·¥¤¸É¢µ³ ¶´¥¢³µ¶µÎÉÒ ¶¥·¥´µ¸¨²¨ ¢ § §µ· ³¥¦¤Ê ¤¢Ê³Ö ¶µ¢¥·Ì´µ¸É´µ-
¡ ·Ó¥·´Ò³¨ ¤¥É¥±Éµ· ³¨, Ê¤ ²¥´´Ò³¨ ´  · ¸¸ÉµÖ´¨¥ 60 ¸³ µÉ ³¨Ï¥´¨. • ¡¸
¶¥·¢Ò³ ¶·¨³¥´¨² É ±µ° ³¥Éµ¤ ·¥£¨¸É· Í¨¨ ¢ ¨¸¸²¥¤µ¢ ´¨ÖÌ § ¶ §¤Ò¢ ÕÐ¥£µ
¤¥²¥´¨Ö.

Œ ² Ö Éµ²Ð¨´  £· Ë¨Éµ¢µ° ¶²¥´±¨ ¶µ§¢µ²¨²  ·¥£¨¸É·¨·µ¢ ÉÓ µ¸±µ²±¨
¤¥²¥´¨Ö ¨ α-Î ¸É¨ÍÒ ¶·µ¤Ê±Éµ¢ Ö¤¥·´µ° ·¥ ±Í¨¨. ˆ§³¥·¥´  ±·¨¢ Ö · ¸¶ ¤ 
¤¥²ÖÐ¨Ì¸Ö Ö¤¥·, ¨¤¥´É¨Ë¨Í¨·µ¢ ´´ÒÌ ± ± ¶·µ¤Ê±É ¶·¥¢· Ð¥´¨° 232Am. ‚²¨-
Ö´¨e · ¸¶ ¤  ¤·Ê£¨Ì Ö¤¥·, ±µÉµ·Ò¥ ³µ£²¨ ¡Ò µ¡· §µ¢ ÉÓ¸Ö ¢ ¶ · ²²¥²Ó´ÒÌ
·¥ ±Í¨ÖÌ, ´  ¶µ²ÊÎ¥´´Ò° ·¥§Ê²ÓÉ É ¨¸±²ÕÎ ²o¸Ó ¶µ ·Ö¤Ê ¸µµ¡· ¦¥´¨°. ’ ±,
¥¸²¨ ¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ ´ ¡²Õ¤ ¢Ï¨°¸Ö · ¸¶ ¤ ¸¢Ö§ ´ ¸ ¸¨´É¥§µ³ Ö¤¥· 228Np,
Éµ ¨§ ¶µ²ÊÎ¥´´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¢¥·µÖÉ´µ¸ÉÓ § ¶ §¤Ò¢ ÕÐ¥£µ
¤¥²¥´¨Ö ÔÉµ£µ Ö¤·  µ± ¦¥É¸Ö ´  ´¥¸±µ²Ó±µ ¶µ·Ö¤±µ¢ ¢ÒÏ¥, Î¥³ µ¶·¥¤¥²¥´´ Ö
¢ · ¡µÉ Ì [1,18]. �¥ ³µ¦¥É ¶µ¢²¨ÖÉÓ ´  ·¥§Ê²ÓÉ ÉÒ ¨ ¸¨´É¥§ 231Pu. …¸²¨ ¡Ò
¨¸ÉµÎ´¨±µ³ µ¸±µ²±µ¢ ¡Ò² ¨§µÉµ¶ 231Pu, Éµ ¢¥·µÖÉ´µ¸ÉÓ ¥£µ § ¶ §¤Ò¢ ÕÐ¥£µ
¤¥²¥´¨Ö ¤µ¸É¨£ ²  PDF ∼ 8%, ¨§ Î¥£µ ¸²¥¤µ¢ ²µ, ÎÉµ ¥£µ ¶¥·¨µ¤ ¶µ²Ê· ¸¶ ¤ 
¶µ µÉ´µÏ¥´¨Õ ± ¸¶µ´É ´´µ³Ê ¤¥²¥´¨Õ ¸µ¸É ¢²Ö¥É ∼ 103 ³¨´. �µ¸²¥¤´¥¥
µ¡¸ÉµÖÉ¥²Ó¸É¢µ ¶·µÉ¨¢µ·¥Î¨É ¨§¢¥¸É´Ò³ §´ Î¥´¨Ö³ ¶¥·¨µ¤µ¢ ¶µ²Ê· ¸¶ ¤  ¸µ-
¸¥¤´¨Ì ¨§µÉµ¶µ¢, Ì · ±É¥·´ Ö ¢¥²¨Î¨´  ¤²Ö ±µÉµ·ÒÌ T1/2 ∼ 1010 ²¥É. „·Ê£¨¥
Ö¤·  ¨¸±²ÕÎ¥´Ò ´  µ¸´µ¢¥  ´ ²¨§  ·¥§Ê²ÓÉ Éµ¢ · ¡µÉÒ [3].

• · ±É¥·¨¸É¨±¨ α-· ¸¶ ¤  ¨§µÉµ¶  232Am ¡Ò²¨ ¨§³¥·¥´Ò ¶µ ¸µ¢¶ ¤¥-
´¨Õ α-Î ¸É¨Í ÔÉµ£µ Ö¤·  ¸ α-· ¸¶ ¤µ³ ¤µÎ¥·´¨Ì Ö¤¥·, ¶¥·¨µ¤Ò ¶µ²Ê· ¸¶ ¤ 
±µÉµ·ÒÌ ²¥¦ É ¢ ³¨±·µ¸¥±Ê´¤´µ³ ¤¨ ¶ §µ´¥. �É´µÏ¥´¨¥ ¢¥·µÖÉ´µ¸É¥°
α-· ¸¶ ¤  ¨ …‘-· ¸¶ ¤  ¡Ò²µ µÍ¥´¥´µ ¸ ÉµÎ´µ¸ÉÓÕ ¤µ 50%. ‘¥Î¥´¨¥ σEC =
= (0, 4±0, 7) ·10−30 ¸³2 ¢ÒÎ¨¸²¥´µ ¶µ ¤ ´´Ò³ ¨§³¥·¥´¨Ö α- ±É¨¢´ÒÌ Ö¤¥· ¨
¸¥Î¥´¨Õ µ¡· §µ¢ ´¨Ö 232Am. � ¸Ìµ¦¤¥´¨¥ ³¥¦¤Ê §´ Î¥´¨Ö³¨ ¶¥·¨µ¤µ¢ ¶µ-
²Ê· ¸¶ ¤  232Am ¨ ¨§³¥·¥´´Ò³¨ ¢ ·¥ ±Í¨ÖÌ ´  ÉÖ¦¥²ÒÌ ¨µ´ Ì µ¡ÑÖ¸´Ö¥É¸Ö
³ ²µ° ¸É É¨¸É¨±µ° ¨ · §´Ò³ Ì · ±É¥·µ³ Ëµ´  ¢ Ô±¸¶¥·¨³¥´É Ì ´  ¶ÊÎ± Ì ÉÖ-
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�¨¸. 9. ŒÊ²ÓÉ¨³¨Ï¥´´ Ö ¸¡µ·± . �µ± § ´µ 9 ³¨Ï¥´¥°, Ê¸É ´µ¢²¥´´ÒÌ ¶µ µ¸¨ ¶ÊÎ± 
µ¡²ÊÎ ÕÐ¨Ì Î ¸É¨Í §  ¡¥·¨²²¨¥¢Ò³ ¢Ìµ¤´Ò³ µ±´µ³ (¢ ·¥ ²Ó´ÒÌ Ô±¸¶¥·¨³¥´É Ì ¨Ì
Î¨¸²µ ¤µ¸É¨£ ²µ 23). �µÉµ± £¥²¨Ö ¸  Ô·µ§µ²Ö³¨ Š‘l, ¶µ£²µÉ¨¢Ï¨³¨ § Éµ·³µ¦¥´´Ò¥ ¢
£¥²¨¨ Ö¤·  µÉ¤ Î¨, ¶·µÌµ¤¨É Î¥·¥§ µ¡Ñ¥³Ò §  ± ¦¤µ° ³¨Ï¥´ÓÕ ¨ ¶¥·¥´µ¸¨É ¶·µ¤Ê±ÉÒ
¸¨´É¥§  ± ¸¡µ·´¨± ³ ²¨¡µ ´  ¤¨¸± (¸³. ·¨¸. 10), ²¨¡µ ¢ Ì¨³¨Î¥¸±ÊÕ ² ¡µ· Éµ·¨Õ

¦¥²ÒÌ ¨µ´µ¢ ¨ α-Î ¸É¨Í. ‚¶·µÎ¥³, · §²¨Î¨¥ ²¥¦¨É ¢ ¶·¥¤¥² Ì ¶µ£·¥Ï´µ¸É¥°
Ô±¸¶¥·¨³¥´Éµ¢.

‘¥·Ó¥§´Ò³ ¶·µ¤¢¨¦¥´¨¥³ ¢ ¨¸¸²¥¤µ¢ ´¨¨ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö ¸É ² 
· §· ¡µÉ±  •µ²²µ³ ¨ ¤·. ³¥Éµ¤¨±¨, µ¡Ñ¥¤¨´¨¢Ï¥° ¡Ò¸É·Ò° ¶¥·¥´µ¸ ¶·µ¤Ê±-
Éµ¢ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¶µÉµ±µ³  Ô·µ§µ²¥° ¢ £¥²¨¥¢µ° ¸·¥¤¥ [20,21] ¨ ³Ê²ÓÉ¨-
³¨Ï¥´´ÊÕ ¸¡µ·±Ê (¢¶¥·¢Ò¥ ¨¸¶µ²Ó§µ¢ ´  ¢ · ¡µÉ Ì ƒ ´£·¸±µ£µ c ¸µÉ·. [22]).
ŒÊ²ÓÉ¨³¨Ï¥´´ Ö ¸¡µ·±  ¸ ¶¥·¥´µ¸µ³ ¶·µ¤Ê±Éµ¢ Ö¤¥·´ÒÌ ·¥ ±Í¨°  Ô·µ§µ²Ö³¨
¢ £¥²¨¥¢µ° ¸·¥¤¥ (ŒŒ‘�) (c³. ·¨¸. 9) ¨¸¶µ²Ó§µ¢ ´  •o²²µ³ ¨ ¤·. [7,20] ¤²Ö
¢¸¥¸Éµ·µ´´¥£µ ¨§ÊÎ¥´¨Ö § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö, ¸µ¶·µ¢µ¦¤ ÕÐ¥£µ ³ É¥·¨´-
¸±¨¥ Ö¤·  234Am ¨ 232Am.

Ÿ¤·  234Am ¸¨´É¥§¨·µ¢ ´Ò ´  Ê¸±µ·¥´´ÒÌ ¶ÊÎ± Ì α-Î ¸É¨Í 88-¤Õ°³µ¢µ£µ
Í¨±²µÉ·µ´  ¢ ‹ ¡µ· Éµ·¨¨ ¨³. ‹µÊ·¥´¸  ¢ �¥·±²¨ [20].

�¡ÒÎ´µ ´¥¤µ¸É Éµ± ¨¸¸²¥¤µ¢ ´¨° ´  ¶ÊÎ± Ì ¤¥°É·µ´µ¢, 3�, α-Î ¸É¨Í,
±µ£¤  Ö¤· -¶·µ¤Ê±ÉÒ ¸µ¡¨· ÕÉ¸Ö ´  ¸¡µ·´¨±, § ±²ÕÎ ¥É¸Ö ¢ ´¥µ¡Ìµ¤¨³µ¸É¨
µ¡²ÊÎ¥´¨Ö ¤µ¸É ÉµÎ´µ Éµ´±µ° ³¨Ï¥´¨, É ±µ°, ÎÉµ¡Ò ¤²¨´  ¸¢µ¡µ¤´µ£µ ¶·µ-
¡¥£  ¸¨´É¥§¨·Ê¥³µ£µ Ö¤·  ¸ ³ ²Ò³ ¨³¶Ê²Ó¸µ³ µÉ¤ Î¨, ¶µ²ÊÎ¥´´Ò³ µÉ ²¥£±µ°
Î ¸É¨ÍÒ, ¶·¥¢µ¸Ìµ¤¨²  Éµ²Ð¨´Ê ³¨Ï¥´´µ£µ ¸²µÖ. �·¨³¥´¥´¨¥ ŒŒ‘� ÔÉµÉ
´¥¤µ¸É Éµ± Ê¸É· ´Ö¥É ¨ ¶µ§¢µ²Ö¥É ¶µ²ÊÎ¨ÉÓ ¢¥¸Ó³  ¢Ò¸µ±¨° ¢ÒÌµ¤ ¨§µÉµ¶µ¢
 ³¥·¨Í¨Ö ´  ¶ÊÎ±¥ Ê¸±µ·¥´´ÒÌ α-Î ¸É¨Í. „µ¸É¨£ ¥É¸Ö ÔÉµ Ê¸É ´µ¢±µ° ¢¤µ²Ó
µ¸¨ Ê¸±µ·¥´´µ£µ ¶ÊÎ±  α-Î ¸É¨Í ³´µ£¨Ì ³¨Ï¥´¥°, ¸ Éµ´±¨³ ¸²µ¥³ µ¡²ÊÎ ¥-
³µ£µ ¢¥Ð¥¸É¢  ´  ± ¦¤µ°. „²Ö ¸¨´É¥§  234Am ¨ 232Am ´  ¶ÊÎ± Ì Ê¸±µ·¥´´ÒÌ
¨µ´µ¢ £¥²¨Ö ´ ¨¡µ²¥¥ ¶µ¤Ìµ¤¨É ¨§µÉµ¶ 237Np. �´ ¨ ¶µ¸²Ê¦¨² ³ É¥·¨ ²µ³, ¨§
±µÉµ·µ£µ ¶·¨£µÉµ¢¨²¨ ¤²Ö ¶¥·¢ÒÌ Ô±¸¶¥·¨³¥´Éµ¢ 12 ³¨Ï¥´¥° ´  ³µ²¨¡¤¥´µ-
¢µ° ¶µ¤²µ¦±¥ Éµ²Ð¨´µ° 2,5 ³±³ ¸ ¸µ¤¥·¦ ´¨¥³ ´¥¶ÉÊ´¨Ö µÉ 150 ¤µ 250 ³±£.
�²µÐ ¤Ó ± ¦¤µ° ³¨Ï¥´¨ · ¢´  1,23 ¸³2. ˆ§³¥·¥´´Ò¥ Éµ²Ð¨´Ò ³¨Ï¥´¥°
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²¥¦ ²¨ ¢ ¨´É¥·¢ ²¥ µÉ 125 ¤µ 200 ³±£/¸³2. Œ¨Ï¥´¨ Ê¸É ´ ¢²¨¢ ²¨¸Ó ¶µ¸²¥-
¤µ¢ É¥²Ó´µ ¢¤µ²Ó µ¸¨ ¶ÊÎ±  ´  · ¸¸ÉµÖ´¨¨ ∼ 1 c³ ¤·Ê£ µÉ ¤·Ê£ . ”µ²Ó£  ¨§
¡¥·¨²²¨Ö Éµ²Ð¨´µ° 25 ³±³ ¸²Ê¦¨²  ¢Ìµ¤´µ°, ¨ ¤·Ê£ Ö É ± Ö ¦¥ Ëµ²Ó£  ¨£· ² 
·µ²Ó ¢ ±ÊÊ³´µ£µ µ±´  ³¨Ï¥´´µ° ¸¨¸É¥³Ò. �¥·¢Ò¥ µ¶ÒÉÒ ¶µ± § ²¨, ÎÉµ ³µ-
²¨¡¤¥´µ¢Ò¥ ¶µ¤²µ¦±¨ ¸¨²Ó´µ  ±É¨¢¨·ÊÕÉ¸Ö, ¨ ¨Ì § ³¥´¨²¨ ¡¥·¨²²¨¥¢Ò³¨.
�·¨ ¡µ³¡ ·¤¨·µ¢±¥ ¨§µÉµ¶  237Np Ê¸±µ·¥´´Ò³¨ α-Î ¸É¨Í ³¨ ¨´É¥´¸¨¢´µ¸ÉÓ
µ¸±µ²±µ¢ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö, ¶·¨ ¶·µÎ¨Ì · ¢´ÒÌ Ê¸²µ¢¨ÖÌ, ¶·µ¶µ·-
Í¨µ´ ²Ó´  Î¨¸²Ê µ¤´µ¢·¥³¥´´µ µ¡²ÊÎ ¥³ÒÌ ³¨Ï¥´¥°. “¸±µ·¥´´ Ö α-Î ¸É¨Í 
¤µ²¦´  ¶·µÌµ¤¨ÉÓ Éµ´±ÊÕ ³¨Ï¥´Ó ¸ ³ ²µ° ¶µÉ¥·¥° Ô´¥·£¨¨. ‚ ÔÉµ³ ¸²ÊÎ ¥
¢µ ¢¸¥Ì ³¨Ï¥´ÖÌ ¡Ê¤ÊÉ ¶·µÉ¥± ÉÓ ¨¤¥´É¨Î´Ò¥ Ö¤¥·´Ò¥ ·¥ ±Í¨¨. Š·µ³¥ Éµ£µ,
¥¸²¨ ¢ µ¤´µ° ¨§ ´¨Ì ¶·µ¨¸Ìµ¤¨É Ö¤¥·´ Ö ·¥ ±Í¨Ö ¸ ÉÖ¦¥²Ò³ Ö¤·µ³, ¥¥ ¶·µ¤Ê±É
¡Ê¤¥É µ¡² ¤ ÉÓ ¤µ¸É ÉµÎ´Ò³ ¨³¶Ê²Ó¸µ³, ÎÉµ¡Ò ¶µ±¨´ÊÉÓ Éµ´±¨° ³¨Ï¥´´Ò°
¸²µ°. ‚ ¶µ¸²¥¤ÊÕÐ¨Ì µ¶ÒÉ Ì •o²²  µ¤´µ¢·¥³¥´´µ µ¡²ÊÎ ²¨ ¤µ 23 ³¨Ï¥´¥°.

Ÿ¤·  µÉ¤ Î¨ Éµ·³µ§¨²¨¸Ó ¢ £¥²¨¨ ¨ ¨Ì § Ì¢ ÉÒ¢ ²¨  Ô·µ§µ²¨ Š‘l. ˆ§ µ¡Ñ-
¥³  §  ± ¦¤µ° ³¨Ï¥´ÓÕ ¶µÉµ± £¥²¨Ö Ê¢²¥± ²  Ô·µ§µ²¨ ± ± ¶¨²²Ö·´µ° Ì²µ·-
¢¨´¨²µ¢µ° É·Ê¡±¥ ¨ ¶¥·¥´µ¸¨² ¶·µ¤Ê±ÉÒ ·¥ ±Í¨° ²¨¡µ ´  ¶²¥´±Ê-¸¡µ·´¨±,
§ ±·¥¶²¥´´ÊÕ ´  ¢· Ð ÕÐ¥³¸Ö ¤¨¸±¥, ²¨¡µ ´  ¶·¨¥³´ÊÕ Ëµ²Ó£Ê ¢ Ì¨³¨Î¥-
¸±ÊÕ ² ¡µ· Éµ·¨Õ.

Š·µ³¥ ÔËË¥±É¨¢´µ£µ ¨¸¶µ²Ó§µ¢ ´¨Ö ¶ÊÎ±  α-Î ¸É¨Í, ŒŒ‘� µ¡² ¤ ¥É ¨
¤·Ê£¨³ ¸ÊÐ¥¸É¢¥´´Ò³ ¶·¥¨³ÊÐ¥¸É¢µ³ Å ³¨Ï¥´¨ · ¸¶µ²µ¦¥´Ò ¡²¨§±µ ¤·Ê£
± ¤·Ê£Ê, ¨ ¢Ò²¥É ÕÐ¨¥ ¨§ ´¨Ì µ¸±µ²±¨ ¤¥²¥´¨Ö Ö¤¥· ¶µ£²µÐ ÕÉ¸Ö ¢ ³¨Ï¥´ÖÌ.
‚ ·¥§Ê²ÓÉ É¥ ¶¥·¥´µ¸¨³Ò¥ ± ¤¥É¥±Éµ· ³  Ô·µ§µ²¨ ´¥ § £·Ö§´ÖÕÉ¸Ö µ¸±µ²± ³¨
¤¥²¥´¨Ö.

„²Ö ¨§³¥·¥´¨° Ì · ±É¥·  ¤¥²¥´¨Ö 234Am →234 Pu → ff  Ô·µ§µ²¨ ¸
¶·µ¤Ê±É ³¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° É· ´¸¶µ·É¨·µ¢ ²¨ ´  · ¸¸ÉµÖ´¨¥ ∼ 5 ³ ¨ ¸µ-
¡¨· ²¨ ¨Ì ´  ¶µ²¨¶·µ¶¨²¥´µ¢ÊÕ ¶²¥´±Ê-¸¡µ·´¨± Éµ²Ð¨´µ° ∼ 40 ³±£/¸³2,
· ¸¶µ²µ¦¥´´ÊÕ ´  ¶¥·¨Ë¥·¨¨ ¤¨¸± . „¨¸± ¶¥·¥³¥Ð ²¸Ö ¸ µ¸É ´µ¢± ³¨ Î¥·¥§
± ¦¤Ò¥ 4, 5◦, ¨ ¶²¥´± -¸¡µ·´¨± ¸ ¶·µ¤Ê±É ³¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° µ± §Ò¢ ² ¸Ó
³¥¦¤Ê ¤¢Ê³Ö ±·¥³´¨¥¢Ò³¨ ¶µ¢¥·Ì´µ¸É´µ-¡ ·Ó¥·´Ò³¨ ¤¥É¥±Éµ· ³¨ (Š��„),
· ¸¶µ²µ¦¥´´Ò³¨ ´ ¤ ¨ ¶µ¤ ¶²µ¸±µ¸ÉÓÕ ¤¨¸±  (¸³. ·¨¸. 10). ‚¸¥£µ ¢¤µ²Ó
¤¨¸±  Ê¸É ´ ¢²¨¢ ²µ¸Ó Ï¥¸ÉÓ ¶ · É ±¨Ì ¤¥É¥±Éµ·µ¢. �  ¤¨¸±¥ ¨³¥²µ¸Ó 80
¶²¥´µ±-¸¡µ·´¨±µ¢. ‚ ¸²ÊÎ ¥ ¨§ÊÎ¥´¨Ö Ö¤¥· 234Am ¢·¥³Ö Ô±¸¶µ§¨Í¨¨ · ¢-
´Ö²µ¸Ó 2,5 ³¨´ ´  ¢¸¥Ì ¨§³¥·¨É¥²Ó´ÒÌ ¶µ§¨Í¨ÖÌ. Š ¦¤ Ö ¶²¥´± -¸¡µ·´¨±
§ ´¨³ ²  Ï¥¸ÉÓ ¶µ§¨Í¨° ³¥¦¤Ê ± ¦¤µ° ¶ ·µ° ¤¥É¥±Éµ·µ¢. �¥£¨¸É·¨·µ¢ ²¨¸Ó
µ¸±µ²±¨ ¤¥²¥´¨Ö ¨ α-Î ¸É¨ÍÒ. �ËË¥±É¨¢´µ¸ÉÓ ·¥£¨¸É· Í¨¨ ¸µ¢¶ ¤ ÕÐ¨Ì
µ¸±µ²±µ¢ ¤¥²¥´¨Ö · ¢´  60%. ’ ±µ° ¦¥ ¡Ò²  ÔËË¥±É¨¢´µ¸ÉÓ ·¥£¨¸É· Í¨¨
α-Î ¸É¨Í.

�¥·¢µ¥ ¶µ²µ¦¥´¨¥ ¶²¥´±¨-¸¡µ·´¨±  Å ¶¥·¥¤ ¸µ¶²µ³, ¶µ¤ ÕÐ¨³ ´  ´¥¥
 Ô·µ§µ²¨ ¨§ ŒŒ‘�. ˆ§ ÔÉµ£µ ¶µ²µ¦¥´¨Ö ¸¡µ·´¨± ¶¥·¥Ìµ¤¨É ´  ¶¥·¢ÊÕ
¶µ§¨Í¨Õ ¸Î¥É  ³¥¦¤Ê ¤¢Ê³Ö Š��„. ’µ²Ó±µ §¤¥¸Ó ·¥£¨¸É· Í¨Ö α-Î ¸É¨Í § -
¤¥·¦¨¢ ¥É¸Ö ´  12 ¸, ÎÉµ¡Ò ¨§¡¥¦ ÉÓ Ëµ´  µÉ ¶·µ¤Ê±Éµ¢ ·¥ ±Í¨¨ ´  ¶µ¤²µ¦±¥
³¨Ï¥´¨ (µ¸±µ²±¨ ·¥£¨¸É·¨·ÊÕÉ¸Ö ´¥¶·¥·Ò¢´µ). Š ¦¤Ò° ¸¡µ·´¨± ¶µ¸²¥¤µ¢ -
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�¨¸. 10. �  ¶¥·¨Ë¥·¨¨ ¤¨¸±  ´ Ìµ¤ÖÉ¸Ö 80 ¶²¥´µ±-¸¡µ·´¨±µ¢  Ô·µ§µ²¥° ¸ ¶·µ¤Ê±É ³¨
·¥ ±Í¨° ¨ Ï¥¸ÉÓ ¸ÉµÖÐ¨Ì ´ ¶·µÉ¨¢ ¤·Ê£ ¤·Ê£  ¶ · ¶µ¢¥·Ì´µ¸É´µ-¡ ·Ó¥·´ÒÌ ¤¥É¥±Éµ-
·µ¢, ³¥¦¤Ê ±µÉµ·Ò³¨ ¶µ¢µ·µÉµ³ ¤¨¸±  Ê¸É ´ ¢²¨¢ ÕÉ¸Ö ¶²¥´±¨-¸¡µ·´¨±¨ ¸ ¨§ÊÎ ¥³µ°
 ±É¨¢´µ¸ÉÓÕ, § Ì¢ Î¥´´µ°  Ô·µ§µ²Ö³¨

É¥²Ó´µ ¶·µÌµ¤¨É ¢¸¥ Ï¥¸ÉÓ ¶µ§¨Í¨° ¸Î¥É , ¶·¨ ÔÉµ³ ¨§³¥·¥´¨Ö ¨§²ÊÎ¥´¨°
¢¥¤ÊÉ¸Ö ´  Ï¥¸É¨ ¸¡µ·´¨± Ì µ¤´µ¢·¥³¥´´µ. �µ¸²¥ Ï¥¸Éµ° ¶µ§¨Í¨¨ ¨Ì  ±-
É¨¢´µ¸ÉÓ ´¥ ¨§³¥·ÖÕÉ. ’ ±¨³ µ¡· §µ³, ´  µ¤´µ³ ¸¡µ·´¨±¥ ´ ± ¶²¨¢ ¥É¸Ö
 ±É¨¢´µ¸ÉÓ,   ´  Ï¥¸É¨ ¤·Ê£¨Ì ¨¤¥É ·¥£¨¸É· Í¨Ö. � §·¥Ï¥´¨¥ ¶µ Ô´¥·-
£¨¨ α-Î ¸É¨Í ¸µ¸É ¢²Ö¥É 40 ±Ô‚. �µ¸²¥ ¶µ²´µ£µ µ¡µ·µÉ  ¤¨¸± , ¶·¨³¥·´µ
Î¥·¥§ 3 Î 20 ³¨´, ¥£µ § ³¥´Ö²¨, É¥³ ¸ ³Ò³ ¨¸±²ÕÎ Ö Ëµ´ µÉ ´ ±µ¶¨¢Ï¨Ì¸Ö
¤µ²£µ¦¨¢ÊÐ¨Ì ¸¶µ´É ´´µ ¤¥²ÖÐ¨Ì¸Ö  ±É¨¢´µ¸É¥°, ±µÉµ·Ò° ³µ£ ¡Ò ¢´¥¸É¨
¶µ£·¥Ï´µ¸É¨ ¢ ¶µ¸²¥¤ÊÕÐ¨¥ ¨§³¥·¥´¨Ö. ‚µ ¢¸¥Ì Ô±¸¶¥·¨³¥´É Ì § ·¥£¨¸É·¨-
·µ¢ ²¨ 1188 ¸µ¢¶ ¤ ÕÐ¨Ì ¶ · µ¸±µ²±µ¢ ¤¥²¥´¨Ö. �¥·¨µ¤ ¶µ²Ê· ¸¶ ¤  ¶µ
ÔÉ¨³ ¤ ´´Ò³ ¡Ò² µ¶·¥¤¥²¥´ T1/2 = (2, 32± 0, 08) ³¨´. �Éµ §´ Î¥´¨¥ ¶· ±É¨-
Î¥¸±¨ ´¥ µÉ²¨Î ¥É¸Ö µÉ · ´¥¥ ¨§³¥·¥´´µ£µ (2, 6± 0, 2) ³¨´, ¥¸²¨ ¶·¨´ÖÉÓ ¢µ
¢´¨³ ´¨¥ ¶µ£·¥Ï´µ¸É¨ ¨§³¥·¥´¨° [1].

�  µ¸´µ¢ ´¨¨  ´ ²¨§  ±·¨¢µ° · ¸¶ ¤  µÍ¥´¨¢ ²µ¸Ó ´ ¡²Õ¤ ¥³µ¥ ¸¥Î¥´¨¥
¤¥²¥´¨Ö ¢ ·¥ ±Í¨¨ 237Np(α, 7n). …¸²¨ ¶·¨´ÖÉÓ, ÎÉµ Éµ²Ð¨´  ± ¦¤µ° ³¨Ï¥´¨
· ¢´  75 ³±£/¸³2,   ÔËË¥±É¨¢´µ¸ÉÓ  Ô·µ§µ²Ó´µ° ¸¨¸É¥³Ò ¸¡µ·  100%, Éµ ÔÉµ
¸¥Î¥´¨¥ ∼ 0, 2 · 10−33 ¸³2.

„²Ö ¨§µÉµ¶  232Am ¨¸¶µ²Ó§µ¢ ²¨ ¶· ±É¨Î¥¸±¨ ÉÊ ¦¥ ³¥Éµ¤¨±Ê [7]. �¥-
·¨µ¤ ¶µ²Ê· ¸¶ ¤  T1/2 µ¸±µ²µÎ´µ°  ±É¨¢´µ¸É¨ ¶µ²ÊÎ¨²¨ ¶·¨ µ¡²ÊÎ¥´¨¨ ³¨-
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Ï¥´¨ 237Np α-Î ¸É¨Í ³¨ ¸ Ô´¥·£¨¥° 99 ŒÔ‚. ‚ ¶·µÍ¥¸¸¥ ·¥£¨¸É· Í¨¨ µ¸±µ²-
±µ¢ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö 232Am→232Pu→ ff § Ë¨±¸¨·µ¢ ²¨ 2201 ¸µ¢-
¶ ¤¥´¨¥. �¥·¨µ¤ ¶µ²Ê· ¸¶ ¤  232Am · ¢e´ (1, 31 ± 0, 04) ³¨´, ¢ ¸µ£² ¸¨¨ ¸
¶µ²ÊÎ¥´´Ò³¨ · ´¥¥ ·¥§Ê²ÓÉ É ³¨ ¢ ¶¥·¢ÒÌ · ¡µÉ Ì (c³., ´ ¶·., [3]), ¨ ¸Ê-
Ð¥¸É¢¥´´µ µÉ²¨Î ¥É¸Ö µÉ §´ Î¥´¨Ö, ¶·¨¢¥¤¥´´µ£µ • ¡¸µ³ ¨ ¤·. [19]. � 
·¨¸. 11 ¶·¥¤¸É ¢²¥´  ±·¨¢ Ö · ¸¶ ¤ . ‘¥Î¥´¨¥ µ¡· §µ¢ ´¨Ö ¤¥²ÖÐ¥£µ¸Ö 232Pu
¶µ ¨§³¥·¥´¨Ö³ •o²²  · ¢´µ ∼ 2, 5 · 10−33 ¸³2.

�¨¸. 11. Š·¨¢ Ö · ¸¶ ¤  232Am →232 Pu → ff , ¶µ¸É·µ¥´´ Ö ¶µ Î¨¸²Ê § ·¥£¨¸É·¨-
·µ¢ ´´ÒÌ ¸µ¢¶ ¤¥´¨° µ¸±µ²±µ¢ ¤¥²¥´¨Ö. ˆ¸¶µ²Ó§µ¢ ² ¸Ó Ê¸É ´µ¢± , ¶·¨¢¥¤¥´´ Ö ´ 
·¨¸. 10. ‚ ± ¦¤µ° ¶µ§¨Í¨¨ ³¥¦¤Ê ±·¥³´¨¥¢Ò³¨ ¶µ¢¥·Ì´µ¸É´µ-¡ ·Ó¥·´Ò³¨ ¤¥É¥±Éµ-
· ³¨ ¸¡µ·´¨± ´ Ìµ¤¨²¸Ö µ¤´Ê ³¨´ÊÉÊ

‚ Ì¨³¨Î¥¸±µ° ² ¡µ· Éµ·¨¨ ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¤¢¥ ³¥Éµ¤¨±¨ · §¤¥²¥´¨Ö ¶·µ-
¤Ê±Éµ¢ Ö¤¥·´ÒÌ ·¥ ±Í¨°. �¥·¢ Ö ¶·µÍ¥¤Ê·  ¶·¥¤´ §´ Î ² ¸Ó ¤²Ö µ¶·¥¤¥²¥´¨Ö
¶·¨´ ¤²¥¦´µ¸É¨ ¨¸ÉµÎ´¨±  ¤¥²ÖÐ¥£µ¸Ö ¶·µ¤Ê±É  ¢ ·¥ ±Í¨¨ 237Np(α, 7n) ¨²¨
237Np(α, 9n) ± Ô²¥³¥´ÉÊ ¸ ¤ ´´Ò³  Éµ³´Ò³ ´µ³¥·µ³,   ¨³¥´´µ ±  ³¥·¨Í¨Õ.
’ ± ± ±  Éµ³´Ò° ´µ³¥· ¢¸¥Ì ¶·µ¤Ê±Éµ¢ ÔÉµ° ·¥ ±Í¨¨ Z ≥ 95, Éµ  ³¥·¨Í¨°
¤µ¸É ÉµÎ´µ µÉ¤¥²¨ÉÓ Éµ²Ó±µ µÉ  ±É¨´µ¨¤µ¢ ¸ Z < 95. �³¥·¨Í¨° Å ¥¤¨´-
¸É¢¥´´Ò° É·¥Ì¢ ²¥´É´Ò°  ±É¨´µ¨¤, µ¡· §ÊÕÐ¨°¸Ö ¢ ·¥ ±Í¨ÖÌ 237Np(α, xn),
¨ ¶·µ¸É Ö ±µ²µ´±  ¸  ´¨µ´¨Éµ³ µÉ¤¥²Ö¥É ¥£µ µÉ  ±É¨´µ¨¤µ¢ ¸ ³¥´ÓÏ¨³¨  Éµ³-
´Ò³¨ ´µ³¥· ³¨. �Î¨¸É±  µÉ ¶·µ¤Ê±Éµ¢ ¤¥²¥´¨Ö ¤²Ö ¨¤¥´É¨Ë¨± Í¨¨  Éµ³´µ£µ
´µ³¥·  ´¥ É·¥¡Ê¥É¸Ö.

‚Éµ· Ö µ¶¥· Í¨Ö ¶·¨³¥´Ö² ¸Ó ¸ Í¥²ÓÕ µÎ¨¸É±¨  ³¥·¨Í¨Ö µÉ µ¸±µ²±µ¢
¤¥²¥´¨Ö, Ëµ´ µÉ ±µÉµ·ÒÌ ³µ£ ¡Ò § É·Ê¤´¨ÉÓ ·¥£¨¸É· Í¨Õ ·¥´É£¥´µ¢¸±µ£µ ¨§-
²ÊÎ¥´¨Ö, ¢µ§´¨± ÕÐ¥£µ ¢ Ö¤·¥ ¤µÎ¥·´¥£µ ¶²ÊÉµ´¨Ö ¢ ¶·µÍ¥¸¸¥ § ¸¥²¥´¨Ö µ¸¢µ-
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¡µ¤¨¢Ï¥°¸Ö ¢ ± ´¸¨¨ K-Ô²¥±É·µ´  ¶·¨ É· ´¸Ëµ·³ Í¨¨ ³ É¥·¨´¸±µ£µ Ö¤·  ¢
¤µÎ¥·´¥¥.

ˆ§³¥·¥´¨¥ ·¥´É£¥´µ¢¸±µ£µ ¨§²ÊÎ¥´¨Ö ¢ ¸µ¢¶ ¤¥´¨¨ ¸ µ¸±µ²± ³¨ § ¶ §¤Ò-
¢ ÕÐ¥£µ ¤¥²¥´¨Ö ¶µ§¢µ²Ö¥É Ô±¸¶¥·¨³¥´É ²Ó´µ µ¶·¥¤¥²¨ÉÓ ¢¥·µÖÉ´µ¸ÉÓ § ¶ §-
¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö PDF, ¨ £² ¢´Ò° ¶µ²µ¦¨É¥²Ó´Ò° ·¥§Ê²ÓÉ É É ±µ£µ Ô±¸¶¥-
·¨³¥´É  Å ¶·Ö³µ¥ ¤µ± § É¥²Ó¸É¢µ ¶·µÉ¥± ´¨Ö ¨³¥´´µ ¶·µÍ¥¸¸  § ¶ §¤Ò¢ Õ-
Ð¥£µ ¤¥²¥´¨Ö.

2.3. ˆ¤¥´É¨Ë¨± Í¨Ö  Éµ³´µ£µ ´µ³¥·  Ô²¥³¥´É . ‚ ¤ ´´µ³ · §¤¥²¥ · ¸-
¸³µÉ·¥´  ³¥Éµ¤¨±  · ¤¨µÌ¨³¨Î¥¸±µ° ¨¤¥´É¨Ë¨± Í¨¨  ³¥·¨Í¨¥¢µ° Ë· ±Í¨¨,
¸µ¤¥·¦ Ð¥° ¨§µÉµ¶Ò 232,234Am Å ¶·¥¤Ï¥¸É¢¥´´¨±¨ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥-
´¨Ö [7,20]. ˆ§³¥·¥´Ò ¨Ì ¶¥·¨µ¤Ò ¶µ²Ê· ¸¶ ¤  ¨ ¸¥Î¥´¨Ö µ¡· §µ¢ ´¨Ö.

‘µ¡· ´´Ò¥ ¢ É¥Î¥´¨¥ 3 ³¨´ ¶·µ¤Ê±ÉÒ Ö¤¥·´ÒÌ ·¥ ±Í¨°, ¢ ¶·µÍ¥¸¸¥ µ¡-
²ÊÎ¥´¨Ö ³¨Ï¥´¨ 237Np α-Î ¸É¨Í ³¨ ¸ Ô´¥·£¨¥° 75 ŒÔ‚, · §¤¥²Ö²¨¸Ó ´ 
¨µ´´µ-µ¡³¥´´ÒÌ ±µ²µ´± Ì. ‚  ³¥·¨Í¨¥¢µ° Ë· ±Í¨¨ ´ ¡²Õ¤ ²¨¸Ó 27 ¤¥²¥-
´¨°,   ¢ ´¥¶ÉÊ´¨¥¢µ-¶²ÊÉµ´¨¥¢µ° Å Éµ²Ó±µ µ¤´µ. �µ¸²¥¤´¥¥ ¸µ£² ¸µ¢Ò¢ ²µ¸Ó
¸ ¢µ§³µ¦´Ò³ § £·Ö§´¥´¨¥³ ´¥¶ÉÊ´¨¥¢µ-¶²ÊÉµ´¨¥¢µ° Ë· ±Í¨¨ Ì¢µ¸É ³¨  ³¥-
·¨Í¨¥¢µ°, ¸µ¤¥·¦ Ð¥° ¨§µÉµ¶ 234Am. (Šµ´É·µ²Ó´Ò¥ µ¶ÒÉÒ ¤ ²¨ ¢¥²¨Î¨´Ê
¢§ ¨³´µ£µ § £·Ö§´¥´¨Ö Ë· ±Í¨° ∼ 2%.) •¨³¨Î¥¸±¨¥ ¶·µÍ¥¤Ê·Ò § ´¨³ ²¨
¢¸¥£µ 90 ¸.

‚  ³¥·¨Í¨¥¢µ° Ë· ±Í¨¨ ·¥£¨¸É·¨·µ¢ ²o¸Ó α-¨§²ÊÎ¥´¨¥ ¸ Ô´¥·£¨¥°
6,46 ŒÔ‚. ”· ´Í¨°, · ¤¨° ¨  ±É¨´¨°, ² ´É ´µ¨¤Ò ¶·¨ · §¤¥²¥´¨¨ ´  ¶·¨-
³¥´¥´´ÒÌ É¨¶ Ì ¸³µ² ¸²¥¤ÊÕÉ §   ³¥·¨Í¨¥³. �¤´ ±µ ÔÉ¨ Ô²¥³¥´ÉÒ (´ ¡²Õ-
¤ ²¨¸Ó ¢ α-¸¶¥±É· Ì) µ¡· §ÊÕÉ¸Ö ¢ Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ ¶·¨ µ¡²ÊÎ¥´¨¨ α-Î ¸-
É¨Í ³¨ ³¨Ï¥´¨ 237Np ¢ ´¨ÎÉµ¦´µ ³ ²ÒÌ ±µ²¨Î¥¸É¢ Ì,   Ö¤·  ² ´É ´µ¨¤µ¢
´¥ ¤¥²ÖÉ¸Ö. �µÔÉµ³Ê µ¸±µ²±¨ ³µ£²¨ ¡ÒÉÓ Éµ²Ó±µ ¶·µ¤Ê±Éµ³ § ¶ §¤Ò¢ ÕÐ¥£µ
¤¥²¥´¨Ö 234Am→234Pu→ ff .

2.4. ˆ§³¥·¥´¨¥ ¸µ¢¶ ¤¥´¨° µ¸±µ²±µ¢ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö ¨ ·¥´É-
£¥´µ¢¸±¨Ì ±¢ ´Éµ¢ K-§ Ì¢ É . ‚·¥³¥´´Ò¥ ±µ··¥²ÖÍ¨¨ ³¥¦¤Ê ·¥´É£¥´µ¢¸±¨³
¨§²ÊÎ¥´¨¥³, ¸µ¶·µ¢µ¦¤ ÕÐ¨³ K-§ Ì¢ É ¢ Ö¤· Ì 234Am ¨ 232Am, ¨ µ¸±µ²± ³¨
¶µ¸²¥¤ÊÕÐ¥£µ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö 234Pu ¨ 232Pu ¨§³¥·Ö²¨ ¶µ  ±É¨¢´µ-
¸É¨ ´  ¸¡µ·´¨± Ì  Ô·µ§µ²¥° ¡¥§ ¸É ¤¨¨ Ì¨³¨Î¥¸±µ£µ · §¤¥²¥´¨Ö [7,20,23].
’ ´É ²µ¢ÊÕ Ëµ²Ó£Ê ¸  Ô·µ§µ²Ö³¨, ¸µ¤¥·¦ Ð¨³¨ ¨§ÊÎ ¥³ÊÕ  ±É¨¢´µ¸ÉÓ, ¨
Ê¸É ´µ¢²¥´´Ò° ¶¥·¥¤ ´¥° Š��„ ¶²µÐ ¤ÓÕ 300 ³³2 ¶µ³¥Ð ²¨ ³¥¦¤Ê ¤¢Ê³Ö
£¥·³ ´¨¥¢Ò³¨ ¤¥É¥±Éµ· ³¨ γ-¨§²ÊÎ¥´¨Ö. ˆ§³¥·¨É¥²Ó´ Ö Ê¸É ´µ¢±  ¢±²ÕÎ ² 
¢ ¸¥¡Ö É ±¦¥ γ-¤¥É¥±Éµ· NaI(Tl), ¶µ§¢µ²Ö¢Ï¨° ¤µ¡¨ÉÓ¸Ö ²ÊÎÏ¥£µ ¢·¥³¥´-
´µ£µ · §·¥Ï¥´¨Ö (¸³. ·¨¸. 12). „²Ö ± ²¨¡·µ¢±¨ ¸²Ê¦¨²µ ·¥´É£¥´µ¢¸±µ¥
K-¨§²ÊÎ¥´¨¥ ±Õ·¨Ö ¢ ¸µ¢¶ ¤¥´¨¨ ¸ α-Î ¸É¨Í ³¨ ³ É¥·¨´¸±µ£µ Ö¤·  249Cf .
�ËË¥±É¨¢´µ¸ÉÓ ·¥£¨¸É· Í¨¨ ·¥´É£¥´µ¢¸±µ£µ ¨§²ÊÎ¥´¨Ö ¢ ¶²ÊÉµ´¨¥¢µ° µ¡² -
¸É¨ µÍ¥´¨²¨ · ¢´µ° 9%. ˆ§³¥·¥´¨Ö ¸µ¢¶ ¤¥´¨° ³£´µ¢¥´´ÒÌ γ-±¢ ´Éµ¢ ¸
µ¸±µ²± ³¨ ¤¥²¥´¨Ö 252Cf ¶µ§¢µ²¨²¨ µ¶·¥¤¥²¨ÉÓ ¶µ²´ÊÕ ÔËË¥±É¨¢´µ¸ÉÓ ¤¥-
É¥±É¨·µ¢ ´¨Ö K-¨§²ÊÎ¥´¨Ö 232Pu ¢ ¶·µÍ¥¸¸¥ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö 232Am.
�É  ¢¥²¨Î¨´  µ± § ² ¸Ó · ¢´µ° ∼ 12%.



‡���‡„›‚��™…… „…‹…�ˆ… �’�Œ�›• Ÿ„…� 1535

�¨¸. 12. �µ²µ¦¥´¨¥ ¤¥É¥±Éµ·µ¢ ¢ Ê¸É ´µ¢±¥ ·¥£¨¸É· Í¨¨ ±µ··¥²ÖÍ¨¨ µ¸±µ²±µ¢ ¤¥²¥´¨Ö
¨ ·¥´É£¥´µ¢¸±µ£µ ¨§²ÊÎ¥´¨Ö ¢ ¶·µÍ¥¸¸¥ 234Am→234Pu→ ff

�   ±É ¤¥²¥´¨Ö Ö¤¥· ¸ ³ ²µ° Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö ¢ µ¡² ¸É¨  ³¥·¨-
Í¨° Å ± ²¨Ëµ·´¨° µ¸±µ²±¨ ¨§²ÊÎ ÕÉ µ±µ²µ 10 γ-±¢ ´Éµ¢ [24]. ‚µ§´¨± ¥É
¢Ò¸µ± Ö § £·Ê§±  ¤¥É¥±Éµ·µ¢ γ-¨§²ÊÎ¥´¨¥³. ‚¢¨¤Ê ´ ²µ¦¥´¨Ö ¨³¶Ê²Ó¸µ¢ ·¥´É-
£¥´µ¢¸±µ£µ ¨ ³£´µ¢¥´´µ£µ γ-¨§²ÊÎ¥´¨° µ¸±µ²±µ¢ Î ¸ÉÓ ·¥´É£¥´µ¢¸±¨Ì ±¢ ´-
Éµ¢ 234Pu ¨²¨ 232Pu ´¥ ¶µ¶µ²´Ö²  ËµÉµ¶¨± ·¥´É£¥´µ¢¸±µ£µ ¨§²ÊÎ¥´¨Ö. �É
´ ²µ¦¥´¨° ¢ §´ Î¨É¥²Ó´µ° ¸É¥¶¥´¨ ³µ¦´µ ¨§¡ ¢¨ÉÓ¸Ö, Ê³¥´ÓÏ¨¢ Î¨¸²µ ·¥£¨-
¸É·¨·Ê¥³ÒÌ γ-±¢ ´Éµ¢. �¤´ ±µ ¶·¨ ÔÉµ³ ¶ ¤ ¥É ÔËË¥±É¨¢´µ¸ÉÓ ·¥£¨¸É· Í¨¨
·¥´É£¥´µ¢¸±µ£µ ¨§²ÊÎ¥´¨Ö ¨, ± ± ¸²¥¤¸É¢¨¥, ¸É¥¶¥´Ó ´ ¡²Õ¤¥´¨Ö ±µ··¥²ÖÍ¨¨.
‚ ±µ´¥Î´µ³ ¨Éµ£¥ Ê¤ ²µ¸Ó µ¶É¨³¨§¨·µ¢ ÉÓ ¶·µÍ¥¸¸ ·¥£¨¸É· Í¨¨ ±µ··¥²ÖÍ¨°
µ¸±µ²±µ¢ ¤¥²¥´¨Ö ¨ ·¥´É£¥´µ¢¸±¨Ì ±¢ ´Éµ¢. � ¸¸ÉµÖ´¨¥ ³¥¦¤Ê γ-¤¥É¥±Éµ· ³¨
¨ Ëµ²Ó£µ° ¸  ±É¨¢´µ¸ÉÓÕ Ê¸É ´µ¢¨²¨ É ±¨³, ÎÉµ¡Ò Ê·µ¢¥´Ó ´¥µ¡´ ·Ê¦¥´´ÒÌ
±¢ ´Éµ¢ ·¥´É£¥´µ¢¸±µ£µ ¨§²ÊÎ¥´¨Ö ¨§-§  ¸µ¢¶ ¤¥´¨° ¸ ³£´µ¢¥´´Ò³ ¨§²ÊÎ¥-
´¨¥³ µ¸±µ²±µ¢ ¤¥²¥´¨Ö ³¨´¨³¨§¨·µ¢ ÉÓ. ‚ ¶·µÍ¥¸¸¥ ¨§³¥·¥´¨Ö ¸µ¢¶ ¤¥´¨°
³£´µ¢¥´´ÒÌ γ-±¢ ´Éµ¢ ¸ µ¸±µ²± ³¨ ¸¶µ´É ´´µ£µ ¤¥²¥´¨Ö 252Cf · ¸¸ÉµÖ´¨¥
³¥¦¤Ê γ-¤¥É¥±Éµ· ³¨ ¨ ³¨Ï¥´ÓÕ ¸ 252Cf ¶µ¤¡¨· ²¨ µ¶É¨³ ²Ó´Ò³ ¤²Ö ·¥£¨-
¸É· Í¨¨, É ± ± ± Î¨¸²  ³£´µ¢¥´´ÒÌ γ-±¢ ´Éµ¢, ·µ¦¤ ÕÐ¨Ì¸Ö ´  µ¤´µ ¤¥²¥´¨¥
 ³¥·¨Í¨Ö ¨²¨ ± ²¨Ëµ·´¨Ö, ¶· ±É¨Î¥¸±¨ ¸µ¢¶ ¤ ÕÉ. “·µ¢¥´Ó ´¥§ ·¥£¨¸É·¨-
·µ¢ ´´ÒÌ ·¥´É£¥´µ¢¸±¨Ì ±¢ ´Éµ¢ ¸µ¸É ¢²Ö² ´¥ ¡µ²¥¥ 50%. �·¨ ÔÉµ³ ± ¦¤Ò°
¤¥É¥±Éµ· µÌ¢ ÉÒ¢ ² É¥²¥¸´Ò° Ê£µ², · ¢´Ò° ∼ 6, 7% µÉ 4π.

‘ Í¥²ÓÕ ¨§ÊÎ¥´¨Ö ¸µ¢¶ ¤¥´¨° ·¥´É£¥´µ¢¸±¨Ì ²ÊÎ¥° ¨ µ¸±µ²±µ¢ ¤¥²¥´¨Ö
¨§µÉµ¶  234Pu ´  ¸¡µ·´¨± Ì ¢ É¥Î¥´¨e 4 ³¨´ ¸ ¶µ³µÐÓÕ £ §µ¢µ° ¸É·Ê¨ ´ ± ¶-
²¨¢ ²¨  ±É¨¢´µ¸ÉÓ ¶·µ¤Ê±Éµ¢ ·¥ ±Í¨¨ 237Np+4He ¶·¨ Ô´¥·£¨¨ ¡µ³¡ ·¤¨·ÊÕ-
Ð¨Ì α-Î ¸É¨Í, ¸µµÉ¢¥É¸É¢ÊÕÐ¥° ËÊ´±Í¨¨ ¢µ§¡Ê¦¤¥´¨Ö ·¥ ±Í¨¨ 237Np(α, 7n).
‡ É¥³  ±É¨¢´µ¸ÉÓ ¶µ³¥Ð ²¨ ¢ ¨§³¥·¨É¥²Ó´ÊÕ ± ³¥·Ê.

‘±µ·µ¸ÉÓ ¸Î¥É  γ-±¢ ´Éµ¢ ∼ 103 c−1. ‚¥·µÖÉ´µ¸ÉÓ ¸²ÊÎ °´ÒÌ ¸µ¢¶ ¤¥´¨°
µ¸±µ²±µ¢ ¤¥²¥´¨Ö ¸ γ-±¢ ´É ³¨ ³¥´¥¥ 0, 10%, É ± ± ± Ï¨·¨´  ¢·¥³¥´´µ£µ
µ±´  ´¥¢¥²¨± . ‚ ¤ ²Ó´¥°Ï¥³ ¥¥ Ê³¥´ÓÏ¨²¨ ¤µ 0, 01%. �  ·¨¸. 13 ¶·¥¤¸É ¢-
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²¥´Ò ·¥´É£¥´µ¢¸±¨¥ ±¢ ´ÉÒ ¨ γ-¸¶¥±É·Ò ¸µ¡ÒÉ¨° ¸µ¢¶ ¤¥´¨Ö ¸ ¸¨£´ ² ³¨ µÉ
µ¸±µ²±µ¢ ¤¥²¥´¨Ö.

�¨¸. 13. ‘¶¥±É·Ò ·¥´É£¥´µ¢¸±µ£µ ¨ γ-¨§²ÊÎ¥´¨Ö ¢ ¸µ¢¶ ¤¥´¨¨ ¸ µ¸±µ²± ³¨ ¤¥²¥´¨Ö
…‘DF 232Am ¨ 234Am. A´µ³ ²Ó´Ò¥ Ëµ´µ¢Ò¥ ¶¨±¨ ³µ£ÊÉ ¡ÒÉÓ ¸²¥¤¸É¢¨¥³ γ-¶¥-
·¥Ìµ¤µ¢ ¢µ ¢Éµ·µ° ¶µÉ¥´Í¨ ²Ó´µ° Ö³¥ (¶µ³¥Î¥´Ò ¸É·¥²± ³¨)

‚ ·¥§Ê²ÓÉ É¥ ¸É É¨¸É¨Î¥¸±µ° µ¡· ¡µÉ±¨ ¤ ´´ÒÌ ´ ¨¡µ²¥¥ ¢¥·µÖÉ´ Ö Ô´¥·-
£¨Ö Kα1-²¨´¨¨ µ± § ² ¸Ó · ¢´µ° (103, 6± 0, 5) ±Ô‚ Å ¢ µÉ²¨Î´µ³ ¸µ£² ¸¨¨
¸ É ¡²¨Î´Ò³ §´ Î¥´¨¥³ Ô´¥·£¨¨ Kα1 ¶²ÊÉµ´¨Ö, · ¢´µ° 103,76 ±Ô‚. �¥-
£¨¸É· Í¨Ö ·¥´É£¥´µ¢¸±¨Ì ²ÊÎ¥° ¶²ÊÉµ´¨Ö µ§´ Î ² , ÎÉµ ¢·¥³Ö ¦¨§´¨ ¸µ¸Éµ-
Ö´¨Ö ¢ ¶µÉ¥´Í¨ ²Ó´µ° Ö³¥, ¨§ ±µÉµ·µ£µ ¨¤¥É ¤¥²¥´¨¥, ¡µ²ÓÏ¥ ¨²¨ µ¤´µ£µ
¶µ·Ö¤±  ¸µ ¢·¥³¥´¥³ ∼ 10−17 c, ´¥µ¡Ìµ¤¨³Ò³ µ·¡¨É ²Ó´Ò³ Ô²¥±É·µ´ ³ ¤²Ö
§ ¸¥²¥´¨Ö ¢ ± ´É´µ£µ ³¥¸É  ¢  Éµ³´µ° K-µ¡µ²µÎ±¥ [25]. Œµ¦´µ Ê¸É ´µ¢¨ÉÓ
¶·¥¤¥²Ò, ¢ ±µÉµ·ÒÌ ²¥¦¨É ¢·¥³Ö ¦¨§´¨ τ ¢µ§¡Ê¦¤¥´´µ£µ ¸µ¸ÉµÖ´¨Ö Ö¤· 
234Pu: 10−17 < τ < 3 · 10−9 c.

…¸²¨ Ö¤·µ ¤¥°¸É¢¨É¥²Ó´µ § ¤¥·¦¨¢ ¥É¸Ö ¢µ ¢Éµ·µ° ¶µÉ¥´Í¨ ²Ó´µ° Ö³¥
¡ ·Ó¥·  ¤¥²¥´¨Ö, Éµ ¢ ÔÉ¨Ì ¶·¥¤¥² Ì ²¥¦¨É ¨ ¢·¥³Ö ¦¨§´¨ ¨§µ³¥·  Ëµ·³Ò
234fPu. �·¨¢¥¤¥´´Ò¥ ¢¥²¨Î¨´Ò ´¥ ¶·µÉ¨¢µ·¥Î É ¸¨¸É¥³ É¨±¥ ¢·¥³¥´¨ ¦¨§´¨
¨§µ³¥·µ¢ Ëµ·³Ò ¶²ÊÉµ´¨Ö [27], ¨§ ±µÉµ·µ° ¸²¥¤Ê¥É, ÎÉµ ¶¥·¨µ¤ ¶µ²Ê· ¸¶ ¤ 
¨§µ³¥·  Ëµ·³Ò 234fPu T1/2 = 10−8 ÷ 10−12 ¸.

„²Ö ¤µÎ¥·´¥£µ ¶·µ¤Ê±É  ³ É¥·¨´¸±µ£µ Ö¤·  232Am, ·µ¦¤ ÕÐ¥£µ¸Ö ¶µ-
¸²¥ …‘-§ Ì¢ É , ¶µ ¤ ´´Ò³ ¨§³¥·¥´¨° ´ ¨¡µ²¥¥ ¢¥·µÖÉ´ Ö Ô´¥·£¨Ö
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Kα1 = (103, 8± 0, 3) ±Ô‚, ¶· ±É¨Î¥¸±¨ ¸µ¢¶ ¤ ÕÐ Ö ¸ É ¡²¨Î´Ò³ §´ Î¥´¨¥³
Ô´¥·£¨¨ Kα1 ¶²ÊÉµ´¨Ö.

’ ± ¦¥, ± ± ¨ ¤²Ö 234Pu, µÍ¥´¥´Ò ¢·¥³¥´  ¦¨§´¨ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ-
´¨° 232Pu. �´¨ ²¥¦ É ¢ ¨´É¥·¢ ²¥ µÉ 10−8 ¤µ 8 · 10−9 ¸. �Éµ µ§´ Î ¥É, ÎÉµ
¢ ÔÉ¨Ì ¶·¥¤¥² Ì ´ Ìµ¤¨É¸Ö ¢·¥³Ö ¦¨§´¨ ¨§µ³¥·  Ëµ·³Ò 232fPu. ‘¨¸É¥³ -
É¨±  ¢·¥³¥´ ¦¨§´¨ ¸¶µ´É ´´µ ¤¥²ÖÐ¨Ì¸Ö ¨§µ³¥·µ¢ Ëµ·³Ò ¤ ¥É §´ Î¥´¨Ö ¤²Ö
232fPu: (1÷ 10) · 10−12 ¸.

Š·¨¢Ò¥, ¶·¥¤¸É ¢²ÖÕÐ¨¥ ¸¶¥±É· ¸µ¢¶ ¤¥´¨Ö γ-¨§²ÊÎ¥´¨Ö, ¸µ¤¥·¦ É
Ï¥¸ÉÓ ¸² ¡ÒÌ ËµÉµ¶¨±µ¢ ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨° µÉ 77 ¤µ 283 ±Ô‚. Œ£´µ-
¢¥´´Ò¥ γ-±¢ ´ÉÒ µ¸±µ²±µ¢ ¤¥²¥´¨Ö ´¥ µ¡· §ÊÕÉ ¶µ¤µ¡´µ° ¸É·Ê±ÉÊ·Ò. �¥
¨¸±²ÕÎ¥´µ, ÎÉµ ÔÉ¨ ËµÉµ¶¨±¨ µÉ· ¦ ÕÉ ¸É·Ê±ÉÊ·Ê Ê·µ¢´¥° ¢µ ¢Éµ·µ° ¶µÉ¥´-
Í¨ ²Ó´µ° Ö³¥ ¨§µÉµ¶  232Pu. …¸²¨ ÔÉµ É ±, Éµ µÉ±·Ò¢ ¥É¸Ö ´µ¢ Ö ¢µ§³µ¦´µ¸ÉÓ
¨§ÊÎ¥´¨Ö ¨§µ³¥·µ¢ Ëµ·³Ò.

2.5. �µ²´ Ö ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö µ¸±µ²±µ¢ § ¶ §¤Ò¢ ÕÐ¥£µ ¤e²¥´¨Ö
¨§µÉµ¶µ¢ 232Am, 234Am ¨ ¨Ì ³ ¸¸µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥. ‚Ò¸µ± Ö ¨´É¥´¸¨¢-
´µ¸ÉÓ µ¸±µ²±µ¢ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö, ´ ¡²Õ¤ ¥³ÒÌ  ¢Éµ· ³¨ · ¡µÉ [7,20],
¡² £µ¤ ·Ö ¶·¨³¥´¥´¨Õ ³Ê²ÓÉ¨³¨Ï¥´´µ° ¸¡µ·±¨ ¸  Ô·µ§µ²Ó´Ò³ ¶¥·¥´µ¸µ³
¶·µ¤Ê±Éµ¢ Ö¤¥·´ÒÌ ·¥ ±Í¨° (ŒŒ‘�), ¶µ ¸· ¢´¥´¨Õ ¸ µ¶ÒÉ ³¨ ¸ µ¤´µ° ³¨-
Ï¥´ÓÕ ¸¤¥² ²  ¤µ¸ÉÊ¶´Ò³ ¨§³¥·¥´¨Ö ¶µ²´µ° ±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¨ µ¸±µ²±µ¢
¤¥²¥´¨Ö (’Š…) ¨ ¨Ì ³ ¸¸µ¢µ£µ · ¸¶·¥¤¥²¥´¨Ö ¢ ¶·µÍ¥¸¸¥ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥-
²¥´¨Ö 232Am ¨ 234Am (232,234Am(EC)→232,234Pu(f)→ ff .)

�É¨ Ì · ±É¥·¨¸É¨±¨ ¶·¥¤¸É ¢²Ö²¨ µ¸µ¡Ò° ¨´É¥·¥¸ ¢ ¸¢Ö§¨ ¸µ §´ Î¨É¥²Ó-
´Ò³ Ê¤ ²¥´¨¥³ µÉ ²¨´¨¨ β-¸É ¡¨²Ó´µ¸É¨ ¨§µÉµ¶µ¢ 232Pu ¨ 234Pu ¨ ¨Ì ¤¥-
²¥´¨¥³ ¨§ ¸µ¸ÉµÖ´¨° ¸ ´¨§±µ° Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö. ˆ§ÊÎ¥´¨¥ ³ ¸¸µ¢µ£µ ¨
Ô´¥·£¥É¨Î¥¸±µ£µ · ¸¶·¥¤¥²¥´¨° µ¸±µ²±µ¢ ¤¥²¥´¨Ö 232,234Pu ¤ ¥É ¢µ§³µ¦´µ¸ÉÓ
¶µ´ÖÉÓ ¶·µÍ¥¸¸Ò, ¸¢Ö§ ´´Ò¥ ¸ Éµ·¨¥¢µ°  ´µ³ ²¨¥°, ¨ ¤·Ê£¨¥ µ¸µ¡¥´´µ¸É¨ ¤¥-
²¥´¨Ö ÉÖ¦¥²ÒÌ Ö¤¥·. Œ ¸¸µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥ µ¸±µ²±µ¢ ¤¥²¥´¨Ö ¤µÎ¥·´¥£µ
¨§µÉµ¶  234Pu Ì · ±É¥·¨§Ê¥É¸Ö ¸¨²Ó´µ°  ¸¨³³¥É·¨¥°. ‚ µ¶ÒÉ Ì ·¥£¨¸É·¨·µ¢ -
²µ¸Ó ¶·¨³¥·´µ µÉ 1000 ¤µ 2000  ±Éµ¢ ¤¥²¥´¨Ö. �Éµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ ¶µ§¢µ²¨²µ
¢Ò¶µ²´¨ÉÓ ¨§³¥·¥´¨Ö ¤¥²¨É¥²Ó´ÒÌ Ì · ±É¥·¨¸É¨± ¸ ¢Ò¸µ±µ° ÉµÎ´µ¸ÉÓÕ.

‚ É ¡². 1 ¸µ¤¥·¦ É¸Ö Ì · ±É¥·¨¸É¨±¨ ¤¥²¥´¨Ö Ö¤¥· 232Pu ¨ 234Pu, µ¡· -
§µ¢ ¢Ï¨Ì¸Ö ¢ ¶·µÍ¥¸¸¥ ECDE, ¨Ì ¶·¥¤Ï¥¸É¢¥´´¨±µ¢ 234Am ¨ 232Am.

� ¸¶·¥¤¥²¥´¨¥ ¢ÒÌµ¤  µ¸±µ²±µ¢ ¢ § ¢¨¸¨³µ¸É¨ µÉ ¸·¥¤´¥° ¶µ²´µ° ±¨-
´¥É¨Î¥¸±µ° Ô´¥·£¨¨ µ¸±µ²±µ¢ ¤¥²¥´¨Ö (’Š…) ¸¨³³¥É·¨Î´µ µÉ´µ¸¨É¥²Ó´µ ¥£µ
³ ±¸¨³ ²Ó´µ£µ §´ Î¥´¨Ö ¨ ¸µ¤¥·¦¨É Éµ²Ó±µ µ¤´Ê ¸µ¸É ¢²ÖÕÐÊÕ. ‘·¥¤´¥¥
§´ Î¥´¨¥ ’Š… ¤²Ö µ¸±µ²±µ¢ ¤¥²¥´¨Ö 234Pu · ¢´µ 175 ŒÔ‚ ¨ ¡²¨§±µ ± ¶·¥¤-
¸± § ´´µ° ¤²Ö ¤¥²¥´¨Ö ¨§ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö [27,28].

� ¸¶·¥¤¥²¥´¨¥ ’Š… ¤²Ö µ¸±µ²±µ¢ ¤¥²¥´¨Ö ECDF 232Am →232Pu → ff
¸¨³³¥É·¨Î´µ µ±µ²µ Ô´¥·£¨¨ 174 ŒÔ‚ ¨ ¶· ±É¨Î¥¸±¨ ¸µ¢¶ ¤ ¥É ¤²Ö ¨§³¥·¥´-
´µ° ’Š… µ¸±µ²±µ¢ ¤¥²¥´¨Ö 234Pu.
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’ ¡²¨Í  1. Œ ¸¸µ¢Ò¥ ¨ Ô´¥·£¥É¨Î¥¸±¨¥ · ¸¶·¥¤¥²¥´¨Ö µ¸±µ²±µ¢ ¤¥²¥´¨Ö Ö¤¥· 234Pu
¨ 232Pu

Ÿ¤·µ 234Pu 232Pu

’Š… ¶µ¸²¥ ¨¸¶Ê¸± ´¨Ö ´¥°É·µ´µ¢, ŒÔ‚ 171 ± 5 173± 5
’Š… ¤µ ¨¸¶Ê¸± ´¨Ö ´¥°É·µ´µ¢, ŒÔ‚ 173 ± 5 174± 5
Š… µ¸±µ²±µ¢ ¸ ¢Ò¸µ±µ° Ô´¥·£¨¥°, ŒÔ‚ 98, 6± 2, 0 99, 4± 1, 9
Š… µ¸±µ²±µ¢ ¸ ´¨§±µ° Ô´¥·£¨¥°, ŒÔ‚ 72, 3± 1, 5 73, 6± 2, 0
Š…1 µ¸±µ²±µ¢ ¸ ¢Ò¸µ±µ° Ô´¥·£¨¥°, ŒÔ‚ 99, 4± 2, 0 100, 2± 1, 9
Š…1 µ¸±µ²±µ¢ ¸ ´¨§±µ° Ô´¥·£¨¥°, ŒÔ‚ 72, 9± 1, 5 74± 2, 0
‘·¥¤´ÖÖ ³ ¸¸  ²¥£±¨Ì µ¸±µ²±µ¢, ŒÔ‚ 99, 0± 0, 1 98, 7± 0, 3
‘·¥¤´ÖÖ ³ ¸¸  ÉÖ¦¥²ÒÌ µ¸±µ²±µ¢, ŒÔ‚ 135, 0± 0, 1 133, 3± 0, 3

�·¨³¥Î ´¨¥. TKE Å ¸·¥¤´ÖÖ ¶µ²´ Ö ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö µ¸±µ²±µ¢ ¤¥²¥´¨Ö, Š… Å ¸·¥¤´ÖÖ

±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö µ¸±µ²±  ¤¥²¥´¨Ö ¶µ¸²¥ ¨¸¶Ê¸± ´¨Ö ´¥°É·µ´µ¢, Š…1 Å ¸·¥¤´ÖÖ ±¨´¥É¨-

Î¥¸± Ö Ô´¥·£¨Ö µ¸±µ²±  ¤¥²¥´¨Ö ¤µ ¨¸¶Ê¸± ´¨Ö ´¥°É·µ´µ¢.

ˆ¸¸²¥¤µ¢ ´¨¥ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö ¢ §´ Î¨É¥²Ó´µ° ³¥·¥ · ¸Ï¨·Ö¥É
µ¡² ¸ÉÓ ´¥°É·µ´µ¤¥Ë¨Í¨É´ÒÌ Ö¤¥·, ¤¥²¨É¥²Ó´Ò¥ Ì · ±É¥·¨¸É¨±¨ ±µÉµ·ÒÌ ³µ-
£ÊÉ ¡ÒÉÓ ¨§ÊÎ¥´Ò.

2.6. ˆ§ÊÎ¥´¨¥ α-· ¸¶ ¤  234Am ¨ 232Am. ˆ¸¸²¥¤µ¢ ´¨¥ α-· ¸¶ ¤  ²¥£±¨Ì
Ö¤¥·  ³¥·¨Í¨Ö ¶·¥¤¸É ¢²Ö¥É ¨´É¥·¥¸ ¤²Ö µ¶·¥¤¥²¥´¨Ö ¢²¨Ö´¨Ö α-¢¥É¢¨ ´ 
¶·µÍ¥¸¸ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö. Š ± ¡Ê¤¥É ¶µ± § ´µ ´¨¦¥ (¸³. ¶. 2.9),
¤²Ö Ö¤¥· ¸ N < 126 ¶¥·¨µ¤ α-· ¸¶ ¤  µ¶·¥¤¥²Ö¥É ¢µ§³µ¦´µ¸ÉÓ ·¥£¨¸É· Í¨¨
§ ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö. �µÔÉµ³Ê ¡Ò²µ Í¥²¥¸µµ¡· §´µ ¨§ÊÎ¨ÉÓ ¥£µ ¢²¨Ö´¨¥
¨ ¢ Ö¤· Ì-¶·¥¤Ï¥¸É¢¥´´¨± Ì ECDF 234Am ¨ 232Am.

�  ·¨¸. 14 ¶·¥¤¸É ¢²¥´ α-¸¶¥±É· ¶·µ¤Ê±Éµ¢ ·¥ ±Í¨¨ 237Np+4 He. ‚¨¤´Ò
¶¨±¨ α-¨§²ÊÎ É¥²¥°, µ¡· §µ¢ ¢Ï¨Ì¸Ö ¢ ¶ · ²²¥²Ó´ÒÌ ·¥ ±Í¨ÖÌ ¸ 234Am ¨ ·¥-
 ±Í¨ÖÌ ¸µ ¸¢¨´Íµ¢Ò³¨ ¨ ¢¨¸³ÊÉµ¢Ò³¨ ¶·¨³¥¸Ö³¨, ± ± ¶· ¢¨²µ, ¶·¨¸ÊÉ¸É¢ÊÕ-
Ð¨³¨ ¢ ³¨Ï¥´ÖÌ. ‚Ò¸µ± Ö ¨´É¥´¸¨¢´µ¸ÉÓ β-¨§²ÊÎ¥´¨Ö ´¥ ¤ ¥É ¢µ§³µ¦´µ¸É¨
¨¸¶µ²Ó§µ¢ ÉÓ ¶¥·¢ÊÕ ¶µ§¨Í¨Õ ¸¡µ·´¨±  ´  ¤¨¸±¥ ¤²Ö ¨§ÊÎ¥´¨Ö α-· ¸¶ ¤ .
�¨± ¸ Ô´¥·£¨¥° α-Î ¸É¨Í 6,46 ŒÔ‚ ¢±²ÕÎ ² ¢ ¸¥¡Ö ¤¢¥  ±É¨¢´µ¸É¨: µ¤´ 
¸ ¶¥·¨µ¤µ³ ¶µ²Ê· ¸¶ ¤  µ±µ²µ 2,3 ³¨´,   ¤·Ê£ Ö ¸ µÎ¥´Ó ¡µ²ÓÏ¨³ ¶¥·¨µ-
¤µ³ ¶µ²Ê· ¸¶ ¤ , ±µÉµ·Ò° ¢ Ê¸²µ¢¨ÖÌ ¶·µ¢µ¤¨³µ£µ Ô±¸¶¥·¨³¥´É  ´¥ ³µ£ ¡ÒÉÓ
¨§³¥·¥´. ‚·¥³Ö 2,32 ³¨´ ¡Ò²µ µÉ´¥¸¥´µ ± · ¸¶ ¤Ê 234Am. „µ²£µ¦¨¢ÊÐ Ö
 ±É¨¢´µ¸ÉÓ, ¶·¥¤¶µ²µ¦¨É¥²Ó´µ, ¶·¨´ ¤²¥¦¨É ®Ì¢µ¸É ³¯ 211Bi, µ¡· §µ¢ ¢Ï¥-
£µ¸Ö ¶µ¸²¥ β-· ¸¶ ¤  211Pb.

‘· ¢´¥´¨¥ ´ Î ²Ó´ÒÌ  ±É¨¢´µ¸É¥° ¢¥É¢¥° α- ¨ …‘-· ¸¶ ¤  ¤ ¥É µÉ´µÏ¥-
´¨¥ ¢¥É¢¥° α-· ¸¶ ¤/¤¥²¥´¨¥, · ¢´µ¥ 5, 8 ± 0, 4. �  µ¸´µ¢¥ Ê¦¥ ¸¤¥² ´´ÒÌ
¶·¥¤¶µ²µ¦¥´¨° µ¡ ÔËË¥±É¨¢´µ¸É¨ ¶¥·¥´µ¸   ±É¨¢´µ¸É¨  Ô·µ§µ²Ö³¨ Š‘l ¢
£¥²¨¥¢µ³ ¶µÉµ±¥ ¨ ¤ ´´ÒÌ µ¡ ÔËË¥±É¨¢´µ° Éµ²Ð¨´¥ ³¨Ï¥´¨ ´¨¦´¨° ¶·¥¤¥²
¶ ·Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö µ¡· §µ¢ ´¨Ö 234Am ¡Ò² ´ °¤¥´ · ¢´Ò³ 1, 1·10−33 ¸³2.
‚¥É¢Ó α-· ¸¶ ¤  Ö¤·  234Am ¸µ¸É ¢¨²  ´¥§´ Î¨É¥²Ó´ÊÕ ¤µ²Õ: (3, 9±1, 2)·10−4.
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�¨¸. 14. �²ÓË -¸¶¥±É· ¶·µ¤Ê±Éµ¢ ·¥ ±Í¨° 237Np(α, xn) ¶·¨ ¨¸¸²¥¤µ¢ ´¨¨ ¨§µÉµ¶ 
234Am. ˆ§³¥·¥´¨Ö ¶·µ¢µ¤¨²¨¸Ó ´  Ê¸É ´µ¢±¥ ¸ ¢· Ð ÕÐ¨³¸Ö ¤¨¸±µ³ (·¨¸. 10) ´ 
¢Éµ·µ° ¶µ§¨Í¨¨ ¤¥É¥±Éµ·µ¢. ‚·¥³Ö Ô±¸¶µ´¨·µ¢ ´¨Ö 2,50 ³¨´

ˆ§³¥·¨ÉÓ ¢¥É¢Ó α-· ¸¶ ¤  232Am ´  Ëµ´¥ α-¨§²ÊÎ¥´¨Ö ¶·µ¤Ê±Éµ¢, µ¡· -
§µ¢ ¢Ï¨Ì¸Ö ¢ ³¨Ï¥´ÖÌ ´  ¸µ¤¥·¦ Ð¨Ì¸Ö ¢ ´¨Ì ¶·¨³¥¸ÖÌ ¸¢¨´Í  ¨ ¢¨¸³ÊÉ , ¢
µ¡² ¸É¨ µ¦¨¤ ¥³ÒÌ Ô´¥·£¨° α-Î ¸É¨Í ´¥ Ê¤ ²µ¸Ó.

2.7. �±¸¶¥·¨³¥´É ²Ó´µ¥ ¨§³¥·¥´¨¥ ¢¥·µÖÉ´µ¸É¨ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥-
´¨Ö PDF ¨ ¸¥Î¥´¨Ö µ¡· §µ¢ ´¨Ö σEC Ö¤· , ¨¸¶ÒÉÒ¢ ÕÐ¥£µ K-§ Ì¢ É.
„²Ö Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ¨§³¥·¥´¨Ö PDF É·¥¡Ê¥É¸Ö ¨§³¥·¨ÉÓ µÉ´µÏ¥´¨¥ Î¨¸² 
µ¸±µ²±µ¢ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö ± ¶µ²´µ³Ê Î¨¸²Ê …‘-§ Ì¢ Éµ¢ §  ¤ ´´Ò°
¶·µ³¥¦ÊÉµ± ¢·¥³¥´¨. �·Ö³Ò¥ ¨§³¥·¥´¨Ö PDF § É·Ê¤´¥´Ò É¥³, ÎÉµ ¢ ¶·µÍ¥¸¸¥
…‘-§ Ì¢ É  ´¥ ¨¸¶Ê¸± ÕÉ¸Ö § ·Ö¦¥´´Ò¥ Î ¸É¨ÍÒ,   …‘-¢¥É¢Ó ¢¥¤¥É ± ¤µ²£µ-
¦¨¢ÊÐ¨³ Ö¤· ³, · ¸¶ ¤ ÕÐ¨³¸Ö É¥³ ¦¥ ¸¶µ¸µ¡µ³. ‚¥É¢Ó …‘-§ Ì¢ É  ³µ¦´µ
¨§³¥·¨ÉÓ, Éµ²Ó±µ ·¥£¨¸É·¨·ÊÖ ·¥´É£¥´µ¢¸±µ¥ ¨§²ÊÎ¥´¨¥. �µÔÉµ³Ê ¢ ¶µ¸²¥¤´¥³
¸²ÊÎ ¥ ´¥µ¡Ìµ¤¨³  ¢Ò¸µ± Ö ¸É¥¶¥´Ó µÎ¨¸É±¨  ³¥·¨Í¨Ö µÉ µ¸±µ²±µ¢ ¤¥²¥´¨Ö,
¸µ§¤ ÕÐ¨Ì ¨´É¥´¸¨¢´Ò° £ ³³ -Ëµ´.

‘ ÔÉµ° Í¥²ÓÕ ¨¸¶µ²Ó§µ¢ ²¨ ±µ²µ´±Ê ¸ ¤¢Ê³Ö É¨¶ ³¨ ¨µ´´µ-µ¡³¥´´ÒÌ
¸³µ². Šµ²µ´±  · §³¥·µ³ 3 × 10 ³³ § ·Ö¦ ² ¸Ó ± É¨µ´¨Éµ³,   § É¥³  ´¨µ´¨-
Éµ³, É ± ÎÉµ ¸¢¥·ÌÊ ´ Ìµ¤¨² ¸Ó  ´¨µ´´µ-µ¡³¥´´ Ö ¸³µ² . ‚Ò³Ò¢ ´¨¥ ±µ´-
Í¥´É·¨·µ¢ ´´µ° �‘l µÉ¤¥²Ö¥É  ³¥·¨Í¨° µÉ µ¤´µ¢ ²¥´É´ÒÌ, ¤¢ÊÌ¢ ²¥´É´ÒÌ
¶·µ¤Ê±Éµ¢ ¤¥²¥´¨Ö ¨ ² ´É ´µ¨¤µ¢ ¢ ¢¥·Ì´¥° Î ¸É¨ ±µ²µ´±¨,   § É¥³ ¶²ÊÉµ´¨°
¨ ´¥¶ÉÊ´¨°  ¤¸µ·¡¨·ÊÕÉ¸Ö ¢ ¥¥ ´¨¦´¥° Î ¸É¨ [7,20].
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� §¤¥²¥´¨¥ Ô²¥³¥´Éµ¢ ¢Ò¶µ²´Ö²µ¸Ó ¢ Ì¨³¨Î¥¸±µ° ² ¡µ· Éµ·¨¨, ±Ê¤   ±-
É¨¢´µ¸ÉÓ µÉ ³¨Ï¥´¥° É· ´¸¶µ·É¨·µ¢ ² ¸Ó ´  · ¸¸ÉµÖ´¨¥ 80 ³ ± ±µ²²¥±Éµ·Ê.
‘µ²Ó Š‘l ¸ § Ì¢ Î¥´´µ° ¥Õ  ±É¨¢´µ¸ÉÓÕ · ¸É¢µ·Ö²¨ ¢ 20 ³³3 0,5 Œ �‘l. Š
· ¸É¢µ·Ê ¤µ¡ ¢²Ö²¨ ¨§µÉµ¶-µÉ³¥ÉÎ¨± 241Am (T1/2 = 432 £µ¤ ) ¤²Ö ±µ´É·µ²Ö
¢ÒÌµ¤ . „ ²¥¥ · ¸É¢µ· ¶·µ¶Ê¸± ²¨ Î¥·¥§ ±µ²µ´±Ê. �³¥·¨Í¨° ¨§ ±µ²µ´±¨ ¢Ò-
³Ò¢ ²¨ ±µ´Í¥´É·¨·µ¢ ´´µ° ¸µ²Ö´µ° ±¨¸²µÉµ°. ‡ É¥³  ³¥·¨Í¨¥¢ÊÕ Ë· ±Í¨Õ
¸µµ¸ ¦¤ ²¨ ¸µ¢³¥¸É´µ ¸ ‘¥F3. �¸ ¤µ± ¶µ¸²¥ Ë¨²ÓÉ·µ¢ ´¨Ö ¨ ¶·µ³Ò¢±¨ ¶µ-
³¥Ð ²¨ ¢ γ-¸¶¥±É·µ³¥É· ¸ £¥·³ ´¨¥¢Ò³¨ ¤¥É¥±Éµ· ³¨ (¸³. ·¨¸. 12). �  ¢¸¥
ÔÉ¨ Ì¨³¨Î¥¸±¨¥ µ¶¥· Í¨¨ § É· Î¨¢ ²µ¸Ó ¶·¨³¥·´µ Î¥ÉÒ·¥ ³¨´ÊÉÒ.

�·¨³¥´Ö²µ¸Ó É ±µ¥ ¦¥ Ì¨³¨Î¥¸±µ¥ · §¤¥²¥´¨¥ Ô²¥³¥´Éµ¢ ¨ ¶·¨ ¨§ÊÎ¥-
´¨¨ ¨§µÉµ¶  232Am ¸ µ¤´¨³ µÉ²¨Î¨¥³: µ¶Ê¸± ²¸Ö ÔÉ ¶ ¸µµ¸ ¦¤¥´¨Ö ¸ ‘¥F3 ¢
µ¶ÒÉ Ì ·¥£¨¸É· Í¨¨ ·¥´É£¥´µ¢¸±µ£µ ¨§²ÊÎ¥´¨Ö 232Pu. Š ± ¸²¥¤Ê¥É ¨§ ¶·¥¤Ò-
¤ÊÐ¥£µ, ¢·¥³Ö ´  Ì¨³¨Î¥¸±¨¥ ¶·µÍ¥¤Ê·Ò É ±¨³ µ¡· §µ³ Ê³¥´ÓÏ¨²µ¸Ó ¸ 4 ³¨´
¤µ 90 ¸.

„¥²¥´¨¥ ¢ Í¥¶µÎ±¥ 234Am→ 234Pu ¨§ÊÎ ²µcÓ É ±¦¥ ¤·Ê£¨³ ¸¶µ¸µ¡µ³, ´ 
µ¡· §Í Ì, ¶µ²ÊÎ¥´´ÒÌ É ±¨³ ¦¥ ¸¡µ·µ³  Ô·µ§µ²¥°, ± ± ¨ ¢ ¶·¥¤Ò¤ÊÐ¨Ì µ¶Ò-
É Ì, ´µ ¡¥§ Ì¨³¨Î¥¸±¨Ì ¶·µÍ¥¤Ê·. ’ ´É ²µ¢ Ö Ëµ²Ó£  ¸  ±É¨¢´µ¸ÉÓÕ ¶µ¸²¥
É¥³¶¥· ÉÊ·´µ° µ¡· ¡µÉ±¨ ¶µ³¥Ð ² ¸Ó ¢ µ¡Ñ¥³ ¶·µ¶µ·Í¨µ´ ²Ó´µ£µ ¸Î¥ÉÎ¨±  ¸
£ §µ¢Ò³ ¶µÉµ±µ³. ‚·¥³Ö Ô±¸¶µ§¨Í¨¨ ¸µ¸É ¢²Ö²µ 10 ³¨´ Å ¤µ¸É ÉµÎ´µ, ÎÉµ¡Ò
¨§³¥·¨ÉÓ ¶µ²´µ¥ Î¨¸²µ ¤¥²¥´¨° ¢ ¸µ¡· ´´µ³  ±É¨¢´µ³ ¢¥Ð¥¸É¢¥. �ËË¥±É¨¢-
´µ¸ÉÓ ·¥£¨¸É· Í¨¨ ¤¥²¥´¨Ö ¸µ¸É ¢²Ö²  98, 6%.

�³¥·¨Í¨¥¢Ò¥ Ë· ±Í¨¨ ¶¥·¨µ¤¨Î¥¸±¨ µÉ¤¥²Ö²¨¸Ó ¢ É¥Î¥´¨¥ Î¥ÉÒ·¥ÌÎ ¸µ-
¢µ£µ µ¡²ÊÎ¥´¨Ö. ˆ§³¥·¥´¨Ö Ì · ±É¥·¨¸É¨± ¤¥²¥´¨Ö Ö¤¥· ¶·µ¨¸Ìµ¤¨²¨ µ¤´µ-
¢·¥³¥´´µ ¸ Ì¨³¨Î¥¸±¨³ · §¤¥²¥´¨¥³. �¥µ¤´µ±· É´µ, ± ¦¤Ò° · § ¶µ 40 ³¨´,
·¥£¨¸É·¨·µ¢ ²µ¸Ó γ-¨§²ÊÎ¥´¨¥ Ì¨³¨Î¥¸±¨ µÎ¨Ð¥´´µ£µ  ³¥·¨Í¨Ö. �¸±µ²µÎ-
´Ò¥  ±É¨¢´µ¸É¨ ¨§³¥·Ö²¨¸Ó ¢ µ¡Ñ¥³¥ ¶·µ¶µ·Í¨µ´ ²Ó´µ£µ ¸Î¥ÉÎ¨±  Å ¶µ
10 ³¨´ ± ¦¤Ò°. �  ·¨¸. 15 ¶µ± § ´ Ì · ±É¥·´Ò° ¸¶¥±É· γ-¨§²ÊÎ¥´¨Ö. �Ò² § -
·¥£¨¸É·¨·µ¢ ´ · ¸¶ ¤ ¨§µÉµ¶µ¢ 237Am ¨ 238Am, ¸¨´É¥§¨·µ¢ ´´ÒÌ ¢ ·¥ ±Í¨ÖÌ
¶¥·¥¤ Î¨ ´Ê±²µ´µ¢. ‚¨¤´Ò É ±¦¥ ¶¨±¨ · ¸¶ ¤  Ö¤¥· Å ¶·µ¤Ê±Éµ¢ ·¥ ±Í¨° ¸
³ É¥·¨ ² ³¨ ¶µ¤²µ¦±¨ ³¨Ï¥´¨ ¨ ¥¥ ±·¥¶²¥´¨Ö.

�´¥·£¨Ö γ-¨§²ÊÎ¥´¨Ö (·¨¸. 16), Ì · ±É¥·´ Ö ¤²Ö ·¥´É£¥´µ¢¸±µ£µ ¨§²ÊÎ¥-
´¨Ö  ³¥·¨Í¨Ö, ¶·µÖ¢²Ö¥É¸Ö ¶¨±µ³, ¸µ¸ÉµÖÐ¨³ ¨§ ¤¢ÊÌ ±µ³¶µ´¥´É Å ±µ·µÉ-
±µ¦¨¢ÊÐ¥°, ¸ ¶¥·¨µ¤µ³ ¶µ²Ê· ¸¶ ¤  T1/2 = 2, 3 ³¨´, ¨ ¤µ²£µ¦¨¢ÊÐ¥° ¸
T1/2 ∼ 1 Î. „µ²£µ¦¨¢ÊÐ Ö ±µ³¶µ´¥´É  Å ¸³¥¸Ó 237Am (T1/2 = 73 ³¨´) ¨
238Am (T1/2 = 1, 63 Î),   ±µ·µÉ±µ¦¨¢ÊÐ Ö ¶·¨´ ¤²¥¦¨É 234Am.

‡´ Î¥´¨¥ ¶µ¸ÉµÖ´´µ° …‘-p ¸¶ ¤  234Am ¨¸¶µ²Ó§µ¢ ²µ¸Ó ¤²Ö · ¸Î¥É  σEC

¨ PDF. ‘¥Î¥´¨¥ σEC µ¶·¥¤¥²Ö²µ¸Ó ´  µ¸´µ¢ ´¨¨ ¸²¥¤ÊÕÐ¨Ì ¤ ´´ÒÌ. �¡Ð Ö
Éµ²Ð¨´  ¢¸¥Ì 12 ³¨Ï¥´¥° · ¢´Ö² ¸Ó 0,90 ³£/¸³2, ¶¥·¥´µ¸  Ô·µ§µ²Ö³¨  ±É¨¢-
´µ¸É¨ Ê¸²µ¢´µ ¸Î¨É ²¨ · ¢´Ò³ 100%. �Ò²µ ¸¤¥² ´µ ¶·¥¤¶µ²µ¦¥´¨¥: ¶²µÉ-
´µ¸ÉÓ Ê·µ¢´¥° ¤µÎ¥·´¥£µ Ö¤·  ¢Ò¸µ± , É ± ÎÉµ ¸´ÖÉ¨¥ ¢µ§¡Ê¦¤¥´¨Ö ¶·µ¨¸Ìµ¤¨É
± ¸± ¤µ³ ¢Ò¸µ±µÔ´¥·£¨Î´ÒÌ ¶¥·¥Ìµ¤µ¢ (500÷1000 ±Ô‚) ¸ ³ ²µ° ³Ê²ÓÉ¨¶µ²Ó-
´µ¸ÉÓÕ. �µÔÉµ³Ê ¢µ§³µ¦´µ¸ÉÓ ·µ¦¤¥´¨Ö K-·¥´É£¥´µ¢¸±¨Ì ±¢ ´Éµ¢ §  ¸Î¥É
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�¨¸. 15. ‘¶¥±É· γ-²ÊÎ¥° ¢ µ¡² ¸É¨ Ô´¥·£¨¨ 0 ÷ 2 ŒÔ‚, ´ ¡²Õ¤ ¥³Ò° ¢ Ì¨³¨Î¥¸±¨
Î¨¸Éµ° Ë· ±Í¨¨ 234Am. �¡² ¸ÉÓ ·¥´É£¥´µ¢¸±µ£µ ¨§²ÊÎ¥´¨Ö Am ¶µ± § ´  ´  ·¨¸. 16

¢´ÊÉ·¥´´¥° ±µ´¢¥·¸¨¨ ´¥ ¶·¨´¨³ ²a¸Ó ¢µ ¢´¨³ ´¨¥. ‚ ·¥§Ê²ÓÉ É¥ ¶µ²ÊÎ¨²¨
σEC = (5, 4 ± 1, 3) ³±¡. ‚¥·µÖÉ´µ¸ÉÓ PDF ¢ÒÎ¨¸²Ö² ¸Ó ¶µ ´ Î ²Ó´µ°  ±É¨¢-
´µ¸É¨ …‘-§ Ì¢ É  ¨ Î¨¸²Ê § ·¥£¨¸É·¨·µ¢ ´´ÒÌ µ¸±µ²±µ¢ ¤¥²¥´¨Ö. ˆ§³¥·ÖÖ
± ¦¤ÊÕ ¨§ ÔÉ¨Ì ¢¥²¨Î¨´ ¶· ±É¨Î¥¸±¨ µ¤´µ¢·¥³¥´´µ, ´¥µ¡Ìµ¤¨³µ ¨¸±²ÕÎ¨ÉÓ
¢²¨Ö´¨¥ ³¥¤²¥´´ÒÌ ¨§³¥´¥´¨° ¶ · ³¥É·µ¢ ¸ ³µ° Ê¸É ´µ¢±¨. ’ ±¨³ µ¡· §µ³,
PDF ³µ¦´µ · ¸¸Î¨É ÉÓ, ¨¸¶µ²Ó§ÊÖ Ê· ¢´¥´¨¥

PDF =
λIf [exp (−λt1)− exp (−λ(t1 + t2))]

DOEC
. (12)

‡¤¥¸Ó λ Å ¶µ¸ÉµÖ´´ Ö · ¸¶ ¤  234Am, If Å Î¨¸²µ ¤¥²¥´¨° §  ¢·¥³Ö ¸Î¥É  t2,
t1 Å ¶·µ³¥¦ÊÉµ± ¢·¥³¥´¨ µÉ µ±µ´Î ´¨Ö µ¡²ÊÎ¥´¨Ö ¤µ ´ Î ²  ¸Î¥É  µ¸±µ²±µ¢.
DOEC Å ´ Î ²Ó´ Ö  ±É¨¢´µ¸ÉÓ …‘-§ Ì¢ É . ‚¥·µÖÉ´µ¸ÉÓ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥-
²¥´¨Ö ¢ÒÎ¨¸²¥´  ¤²Ö ¢¸¥Ì ¨§³¥·¥´¨°, e¥ ¸·¥¤´¥¥ §´ Î¥´¨¥ (6, 6 ± 1, 8) · 10−5.
�É´µÏ¥´¨¥ Wα/WEC = (3, 9 ± 1, 2) · 10−4, £¤¥ Wα ¨ WEC Å ¢¥·µÖÉ´µ¸É¨
α-· ¸¶ ¤  ¨ Ô²¥±É·µ´´µ£µ § Ì¢ É  ¸µµÉ¢¥É¸É¢¥´´µ.
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�¨¸. 16. �¡² ¸ÉÓ ·¥´É£¥´µ¢¸±µ£µ ¨§²ÊÎ¥´¨Ö ¢ γ-¸¶¥±É·¥ Ì¨³¨Î¥¸±¨ Î¨¸Éµ£µ µ¡· §Í 
234Am

�µ¤µ¡´ Ö ³¥Éµ¤¨±  ¶·¨³¥´Ö² ¸Ó ¨ ± ¨§µÉµ¶Ê 232Am [23]. ˆ§³¥·Ö²µ¸Ó
·¥´É£¥´µ¢¸±µ¥ ¨§²ÊÎ¥´¨¥ ¶·¨ § ¸¥²¥´¨¨ K-µ¡µ²µÎ±¨ 232Pu. �¸±µ²±¨ ¤¥²¥-
´¨Ö ¨ ¨Ì Ô´¥·£¨Ö ·¥£¨¸É·¨·µ¢ ²¨¸Ó ¡¥§µ±µ´´Ò³ ¶·µ¶µ·Í¨µ´ ²Ó´Ò³ ¸Î¥ÉÎ¨-
±µ³. �¥´É£¥´µ¢¸±µ¥ ¨§²ÊÎ¥´¨¥ ¤µÎ¥·´¥£µ 232Pu ¸² ¡µ¥, ´µ Î¥É±µ · §²¨Î¨³µ¥.
� ¡²Õ¤ ²¨¸Ó ¤¢  ¶¥·¨µ¤  ¶µ²Ê· ¸¶ ¤ : 1,31 ³¨´ (232Pu) ¨ ∼ 1 Î (¸³¥¸Ó237Am
¨ 238Am). ‚¥²¨Î¨´  σEC = (1, 3± 0, 2) · 10−30 ¸³2. ‚¥·µÖÉ´µ¸ÉÓ § ¶ §¤Ò¢ Õ-
Ð¥£µ ¤¥²¥´¨Ö ∼ 6 · 10−4. �µ¸²¥¤´ÖÖ ¢¥²¨Î¨´  µÉ²¨Î ¥É¸Ö ´  1Ä2 ¶µ·Ö¤±  µÉ
¶·¨¢¥¤¥´´ÒÌ ¢ · ´´¨Ì · ¡µÉ Ì [19].

ˆÉµ£µ¢Ò¥ §´ Î¥´¨Ö ´¨¦´¥£µ ¶·¥¤¥²  ¸¥Î¥´¨° ¨ ¢¥É¢¥° · ¸¶ ¤  ¤²Ö 232Am:
σEC > 1, 3 · 10−30 ¸³2, σEF > 2, 5 · 10−33 ¸³2, PDF = (6, 9 ± 1, 0) · 10−4,
T1/2 = (1, 31± 0, 04) ³¨´.

2.8. ˆ§ÊÎ¥´¨¥ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö ´¥Î¥É´µ-´¥Î¥É´ÒÌ ¨§µÉµ¶µ¢ ¸
Z > 96. �µ²¥¥ ¸²µ¦´Ò¥ § ¤ Î¨ ¶·¨Ï²µ¸Ó ·¥Ï ÉÓ, ¨¸¸²¥¤ÊÖ § ¶ §¤Ò¢ ÕÐ¥¥
¤¥²¥´¨¥ Ö¤¥·, Í¥¶¨ ¶·¥¢· Ð¥´¨° ±µÉµ·ÒÌ ´ Î¨´ ²¨¸Ó ¸ ³ É¥·¨´¸±¨Ì ´¥°É·µ-
´µ¤¥Ë¨Í¨É´ÒÌ ´¥Î¥É´µ-´¥Î¥É´ÒÌ Ö¤¥· ¡¥·±²¨Ö, Ô°´ÏÉ¥°´¨Ö ¨ ³¥´¤¥²¥¢¨Ö.

ˆ§µÉµ¶Ò 240Bk, 242Bk, 246Es, 248Es ¶µ²ÊÎ ²¨ ¶ÊÉ¥³ µ¡²ÊÎ¥´¨Ö Éµ²¸ÉÒÌ
Ê· ´µ¢ÒÌ ¨ Éµ·¨¥¢ÒÌ ³¨Ï¥´¥° Ê¸±µ·¥´´Ò³¨ ¨µ´ ³¨ 14N c ¨´É¥´¸¨¢´µ¸ÉÓÕ
¶ÊÎ±  ¤µ 1014 Î ¸É¨Í/¸ [6]. �±É¨¢´µ¥ ³¨Ï¥´´µ¥ ¢¥Ð¥¸É¢µ ´ ´µ¸¨²¨ ´  ´ -
±²µ´´ÊÕ ³¨Ï¥´Ó, ±µÉµ· Ö · ¸¶µ² £ ² ¸Ó ¢ ± ³¥·¥ Í¨±²µÉ·µ´ . „²Ö ·¥£¨¸É· -
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Í¨¨ µ¸±µ²±µ¢ ¤¥²¥´¨Ö ¨¸¶µ²Ó§µ¢ ² ¸Ó ¶µ²¨ÔÉ¨²¥´É¥·¥ËÉ ² É´ Ö ¶²¥´±  Éµ²-
Ð¨´µ° 15 ³±³. �µ¸²¥ É· ¢²¥´¨Ö ¶²¥´±¨ ¢ NaOH µ¶É¨³ ²Ó´µ° ±µ´Í¥´É· Í¨¨
É·¥±¨ µ¸±µ²±µ¢ ¤¥²¥´¨Ö ¶µ¤¸Î¨ÉÒ¢ ²¨¸Ó ¸ ¶µ³µÐÓÕ µ¶É¨Î¥¸±µ£µ ³¨±·µ¸±µ¶ .
‚ ´¥±µÉµ·ÒÌ Ô±¸¶¥·¨³¥´É Ì µ¸±µ²±¨ ¤¥²¥´¨Ö ·¥£¨¸É·¨·µ¢ ²¨¸Ó ¶·µ¡µ°´Ò³¨
¤¥É¥±Éµ· ³¨. �·¨´Í¨¶ ¤¥°¸É¢¨Ö É ±¨Ì ¤¥É¥±Éµ·µ¢ µ¸´µ¢ ´ ´  µ¸² ¡²¥´¨¨
Ô²¥±É·¨Î¥¸±µ° ¶·µÎ´µ¸É¨ ¶²¥´±¨ ¢ ³µ³¥´É ¶·µÌµ¦¤¥´¨Ö Î¥·¥§ ´¥¥ µ¸±µ²± 
¤¥²¥´¨Ö. …¸²¨ ± ¶²¥´±¥ ¶·¨²µ¦¥´  ¤µ¸É ÉµÎ´ Ö · §´µ¸ÉÓ ¶µÉ¥´Í¨ ²µ¢, Éµ ¶µ
É·¥±Ê µ¸±µ²±  ¶·µ¨§µ°¤¥É ¶·µ¡µ°, ±µÉµ·Ò° ¸· §Ê ¦¥ ·¥£¨¸É·¨·Ê¥É¸Ö. �·¥-
¨³ÊÐ¥¸É¢µ É ±µ£µ ³¥Éµ¤  § ±²ÕÎ ¥É¸Ö ¢ ¨§³¥·¥´¨¨ µ¸±µ²µÎ´µ°  ±É¨¢´µ¸É¨ ¢
·¥ ²Ó´µ³ ³ ¸ÏÉ ¡¥ ¢·¥³¥´¨.

Šµ£¤  Ô´¥·£¨Ö ¨µ´µ¢  §µÉ  ´ Ìµ¤¨² ¸Ó ¢ ¨´É¥·¢ ²¥ µÉ 74 ¤µ 76 ŒÔ‚, Ô°´-
ÏÉ¥°´¨° ¨ ¡¥·±²¨° ¸¨´É¥§¨·µ¢ ²¨¸Ó ¢ Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ 238U(14N, 4n)248Es
¨ 232Th(14N, 4n)242Bk. �É¨ ¨§µÉµ¶Ò ³µ£²¨ ¡ÒÉÓ ·µ¤µ´ Î ²Ó´¨± ³¨ § ¶ §¤Ò-
¢ ÕÐ¥£µ ¤¥²¥´¨Ö.

�¤´ ±µ Ô±¸¶¥·¨³¥´É ²Ó´µ ´ ¡²Õ¤ ²¨¸Ó ²¨ÏÓ ¥¤¨´¨Î´Ò¥ µ¸±µ²±¨ ¤¥²¥-
´¨Ö. ‚¸¥ ¦¥, ´¥¸³µÉ·Ö ´  ³ ²ÊÕ ¸É É¨¸É¨±Ê, Ê¤ ²µ¸Ó µÍ¥´¨ÉÓ ¸¥Î¥´¨¥ µ¡· -
§µ¢ ´¨Ö 248Es ¨ Ê¸É ´µ¢¨ÉÓ ¢¥·Ì´¨° ¶·¥¤¥² ¢¥·µÖÉ´µ¸É¨ ¥£µ § ¶ §¤Ò¢ ÕÐ¥£µ
¤¥²¥´¨Ö.

‘ ¶µ³µÐÓÕ µ¡²ÊÎ¥´¨Ö ³¨Ï¥´¥° ¨§ 238U ¨ 232Th Ê¸±µ·¥´´Ò³¨ ¨µ´ ³¨
14N ¸ Ô´¥·£¨¥° ¢ ¨´É¥·¢ ²¥ 92 ÷ 94 ŒÔ‚ ¶µ²ÊÎ¨²¨ ³ ±¸¨³ ²Ó´Ò° ¢ÒÌµ¤
µ¸±µ²±µ¢ ¤¥²¥´¨Ö ¸ ¢·¥³¥´´Ò³ · ¸¶·¥¤¥²¥´¨¥³ µ¸±µ²±µ¢ ¤¥²¥´¨Ö, ¸µµÉ¢¥É-
¸É¢ÊÕÐ¨³ ¶¥·¨µ¤ ³ ¶µ²Ê· ¸¶ ¤  (8±2) ¨ (5±2) ³¨´. ‚ ¨´É¥·¢ ²¥ 92÷94 ŒÔ‚
²¥¦ É ³ ±¸¨³Ê³Ò ËÊ´±Í¨° ¢µ§¡Ê¦¤¥´¨Ö Ö¤¥·´ÒÌ ·¥ ±Í¨° 238U(14N, 6n)246Es
¨ 232Th(14N, 6n)240Bk,   ¨§³¥·¥´´Ò¥ ¶¥·¨µ¤Ò ¶µ²Ê· ¸¶ ¤  µ¸±µ²µÎ´µ°  ±-
É¨¢´µ¸É¨ · ¢´Ò ¶¥·¨µ¤ ³ ¶µ²Ê· ¸¶ ¤  Ö¤¥· 246Es ¨ 240Bk. �Éµ µ¤´µ§´ Î´µ
¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ Éµ³, ÎÉµ µ¸±µ²±¨ ¤¥²¥´¨Ö ¶·¨´ ¤²¥¦ ²¨ ¤µÎ¥·´¨³ Ö¤· ³
246Es ¨ 240Bk.

‚¢¨¤Ê ³ ²µ£µ ¢ÒÌµ¤  µ¸±µ²±µ¢ ¤¥²¥´¨Ö ¢ ÔÉ¨Ì ·¥ ±Í¨ÖÌ, ¡µ²ÓÏÊÕ ·µ²Ó
¶·¨µ¡·¥É ÕÉ ¢ÒÖ¢²¥´¨¥ ¨ ´¥°É· ²¨§ Í¨Ö ¢µ§³µ¦´ÒÌ ¨¸ÉµÎ´¨±µ¢ µ¸±µ²µÎ-
´µ£µ Ëµ´ . ’ ±, ¢ ¶·µÍ¥¸¸¥ µ¡²ÊÎ¥´¨Ö Éµ²¸Éµ° ³¨Ï¥´¨ ¶·µ¢¥·Ö²¸Ö Ê·µ¢¥´Ó
£¥´¥· Í¨¨ µ¸±µ²±µ¢ ¢ ·¥§Ê²ÓÉ É¥ ¤¥²¥´¨Ö ³¨Ï¥´´µ£µ ¢¥Ð¥¸É¢  ³£´µ¢¥´´Ò³¨
´¥°É·µ´ ³¨, ¦¥¸É±¨³¨ γ-±¢ ´É ³¨, ¨¸¶Ê¸± ¥³Ò³¨ ³£´µ¢¥´´Ò³¨ µ¸±µ²± ³¨,
¨ γ-±¢ ´É ³¨ Ö¤¥·, µ¡· §ÊÕÐ¨Ì¸Ö ¢ ³¨Ï¥´´µ° ¶µ¤²µ¦±¥.

�¥§Ê²ÓÉ ÉÒ ±µ´É·µ²Ó´ÒÌ Ô±¸¶¥·¨³¥´Éµ¢ ¶µ± § ²¨, ÎÉµ ¥¸²¨ ·¥£¨¸É· Í¨Õ
´ Î ÉÓ ¸¶Ê¸ÉÖ ¤¥¸ÖÉÓ ³¨´ÊÉ ¶µ¸²¥ µ¡²ÊÎ¥´¨Ö ³¨Ï¥´¨, Ëµ´ γ-¨§²ÊÎ¥´¨Ö ¨
´¥°É·µ´´Ò° Ëµ´ ³£´µ¢¥´´ÒÌ µ¸±µ²±µ¢ ¤¥²¥´¨Ö ´¥ ¢´µ¸ÖÉ ¶µ£·¥Ï´µ¸É¨ ¢ ¶µ-
²ÊÎ ¥³Ò¥ ¤ ´´Ò¥. �Ò²µ § ³¥Î¥´µ: ¨¸¶µ²Ó§µ¢ ´¨¥ ¢ ± Î¥¸É¢¥ ¶µ¤²µ¦±¨ µ¸µ¡µ
Î¨¸Éµ£µ  ²Õ³¨´¨Ö §´ Î¨É¥²Ó´µ ¸´¨¦ ¥É ¶µÉµ± γ-±¢ ´Éµ¢ ¨, ¸²¥¤µ¢ É¥²Ó´µ,
¸´¨¦ ¥É Ëµ´, ¢µ§´¨± ÕÐ¨° ¢ ·¥§Ê²ÓÉ É¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢¥Ð¥¸É¢  ³¨Ï¥´¨ ¸
γ-±¢ ´É ³¨, £¥´¥·¨·Ê¥³Ò³¨ ¢ ¶µ¤²µ¦±¥.

‚ ÔÉ¨Ì ¦¥ Ô±¸¶¥·¨³¥´É Ì ¡Ò²µ ¶µ± § ´µ, ÎÉµ ¢ Éµ²¸ÉÒÌ Ê· ´µ¢ÒÌ ¨ Éµ·¨-
¥¢ÒÌ ³¨Ï¥´ÖÌ Ëµ´ ¶·¥¢µ¸Ìµ¤¨É ¤µ¶Ê¸É¨³Ò° Ê·µ¢¥´Ó, ¶·¨ ±µÉµ·µ³ ¢µ§³µ¦´µ
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¨§ÊÎ¥´¨¥ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö ¸ ¸¥Î¥´¨Ö³¨ µ¡· §µ¢ ´¨Ö ∼ 10−35 ¸³2 ¨
¶¥·¨µ¤ ³¨ ¶µ²Ê· ¸¶ ¤  ¶µ·Ö¤±  ¤¥¸ÖÉ¨ ³¨´ÊÉ. ‘ ÊÎ¥Éµ³ ÔÉµ£µ µ¡¸ÉµÖÉ¥²Ó¸É¢ 
Ö¤·  µÉ¤ Î¨ 244Es ¨ 248Md, 250Md ¸µ¡¨· ²¨ ¨§ Éµ´±¨Ì ³¨Ï¥´¥° ´  ¸¡µ·´¨±¨,
¶¥·¥´µ¸¨¢Ï¨¥ ¶·µ¤Ê±ÉÒ ·¥ ±Í¨¨ ± ¤¥É¥±Éµ· ³ µ¸±µ²±µ¢ ¤¥²¥´¨Ö. �·¨ ÔÉµ³
Éµ²Ð¨´  ³¨Ï¥´¨ ¡Ò²  ¢ ¨´É¥·¢ ²¥ 0, 5 ÷ 1 ³£/c³2,   Éµ± ÉÖ¦¥²ÒÌ ¨µ´µ¢ ´¥
¶·¥¢ÒÏ ² 5 ³±�.

‚ · ¡µÉ¥ ƒ ´£·¸±µ£µ ¨ ¤·. [6] ¡Ò²¨ ¶µ²ÊÎ¥´Ò · ¸¶·¥¤¥²¥´¨Ö ¶µ ¢·¥³¥´¨
¢ÒÌµ¤µ¢ ¤¥²ÖÐ¨Ì¸Ö Ö¤¥· ¢ Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ 235U(14N, 5n)244Es,
237Np(14N, 5n)244Es ¶·¨ Ô´¥·£¨ÖÌ 14N ¨ 12C, · ¢´ÒÌ 82 ¨ 86 ŒÔ‚ ¸µµÉ-
¢¥É¸É¢¥´´µ, ¶·¨ ÔÉµ³ ¶¥·¨µ¤ ¶µ²Ê· ¸¶ ¤  ¶µ µÉ´µÏ¥´¨Õ ± § ¶ §¤Ò¢ ÕÐ¥³Ê
¤¥²¥´¨Õ T1/2 = 37 ¸. ‚ ·¥ ±Í¨¨ 243Am(12C, 5n)250Md ´ ¡²Õ¤ ²µ¸Ó § ¶ §¤Ò-
¢ ÕÐ¥¥ ¤¥²¥´¨¥ ¸ ¶¥·¨µ¤µ³ ¶µ²Ê· ¸¶ ¤  T1/2 = 52 ¸. ‘µ¶µ¸É ¢²¥´¨¥ ¤ ´´ÒÌ
µ ¢ÒÌµ¤¥ ¤¥²ÖÐ¨Ì¸Ö Ö¤¥· ¨ ¤µÎ¥·´¨Ì Ö¤¥· 244Cf ¨ 250Fm, µ¡· §ÊÕÐ¨Ì¸Ö ¶µ-
¸²¥ …‘-§ Ì¢ É  244Es ¨ 250Md, ¶µ§¢µ²¨²µ µÍ¥´¨ÉÓ ¸¥Î¥´¨¥ § ¶ §¤Ò¢ ÕÐ¥£µ
¤¥²¥´¨Ö. “ Ö¤¥· ¸ Z > 95 § ¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥´¨¥ ´ ¡²Õ¤ ²µ¸Ó ¸ ³ ²µ°
¸É É¨¸É¨±µ°.

ƒ·Ê¶¶   ¢Éµ·µ¢ ¨§ÊÎ¨²  ´¥°É·µ´µ¤¥Ë¨Í¨É´Ò¥ § ¶ §¤Ò¢ ÕÐ¨¥ ¨§²ÊÎ É¥²¨
´  Ê¸±µ·¥´´ÒÌ ¶ÊÎ± Ì ÉÖ¦¥²ÒÌ ¨µ´µ¢ ²¨´¥°´µ£µ Ê¸±µ·¨É¥²Ö UNILAC (GSI,
„ ·³ÏÉ ¤É) [29]. �·¨ ÔÉµ³ ¤²Ö · §¤¥²¥´¨Ö ¶·µ¤Ê±Éµ¢ ·¥ ±Í¨° ¨¸¶µ²Ó§µ-
¢ ²¸Ö ¸¥¶ · Éµ· ¸±µ·µ¸É¥° Ö¤¥· µÉ¤ Î¨ SHIP. ‚ ·¥ ±Í¨¨ 205Tl + 40Ar c¨´-
É¥§¨·µ¢ ²¨ ¨§µÉµ¶ 242Es Å ³ É¥·¨´¸±µ¥ Ö¤·µ …‘DF: 242Es → 242Cf → ff .
�Ò²µ § Ë¨±¸¨·µ¢ ´µ É·¨ ¸µ¡ÒÉ¨Ö. ‘¥Î¥´¨¥ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö σDF =
= 1, 80 · 10−34 ¸³2,   PDF = (1, 4± 0, 8) · 10−2. �Éµ §´ Î¥´¨¥ ¶µ§¢µ²Ö¥É £·Ê¡µ
µÍ¥´¨ÉÓ ¢Ò¸µÉÊ ¡ ·Ó¥·  ¤¥²¥´¨Ö 242Cf §´ Î¥´¨¥³ ∼ 5, 4 ŒÔ‚.

�µ§¤´¥¥, ¢ · ¡µÉ Ì ´  Éµ³ ¦¥ Ê¸±µ·¨É¥²¥ ¨ ¸¥¶ · Éµ·¥ ¸±µ·µ¸É¥° ¢ ·¥ ±-
Í¨¨ 209Bi(40Ar, 3n)246Md µ¡´ ·Ê¦¨²µ¸Ó [30], ÎÉµ ¶µ¸²¥ K-§ Ì¢ É  ³¥´¤¥²¥-
¢¨Ö µ¡· §Ê¥É¸Ö ¡µ²¥¥ ¸¨²Ó´ Ö ¢¥É¢Ó ¤¥²¥´¨Ö, Î¥³ ¢µ§³µ¦´ Ö, ¡² £µ¤ ·Ö Éµ²Ó±µ
¢±² ¤Ê µ¤´µ£µ ¸¶µ´É ´´µ£µ ¤¥²¥´¨Ö ¤µÎ¥·´¥£µ 246Fm. �µÔÉµ³Ê ¤µ¶µ²´¨É¥²Ó-
´Ò° ¢ÒÌµ¤ µ¸±µ²±µ¢ ¤¥²¥´¨Ö  ¢Éµ·Ò · ¡µÉÒ µÉ´¥¸²¨ ± § ¶ §¤Ò¢ ÕÐ¥³Ê ¤¥-
²¥´¨Õ 246Md. �·µ¢¥¤¥´´Ò¥ µÍ¥´±¨ ¤ ²¨ ¤²Ö ÔÉµ£µ Ö¤·  PDF ∼ 6, 5 · 10−2.
‘²¥¤Ê¥É ¶·¨´ÖÉÓ ¢µ ¢´¨³ ´¨¥ ´¥¤µ¸É ÉµÎ´ÊÕ ÉµÎ´µ¸ÉÓ ¶µ²ÊÎ¥´´ÒÌ ¤ ´´ÒÌ
¢¢¨¤Ê ³ ²µ£µ Î¨¸²  ´ ¡²Õ¤ ¢Ï¨Ì¸Ö ¸µ¡ÒÉ¨°.

ˆ¤¥´É¨Ë¨Í¨·µ¢ ´´Ò¥ ´¥°É·µ´µ¤¥Ë¨Í¨É´Ò¥ § ¶ §¤Ò¢ ÕÐ¨¥ ¨§²ÊÎ É¥²¨
¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 2.

2.9. ‡ ¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥´¨¥ ²¥¢¥¥ N = 126 ¨ ¢ µ¡² ¸É¨ ²¥¢¥¥ Z =
82. ‘ ·µ¸Éµ³ ´¥°É·µ´´µ£µ ¤¥Ë¨Í¨É  Ö¤¥· ¶·¨ ¶·¨¡²¨¦¥´¨¨ ± µ¡µ²µÎ±¥
N = 126 ¢ µ¡² ¸É¨ Ê²ÓÉ· ´¥°É·µ´µ¤¥Ë¨Í¨É´ÒÌ Ö¤¥· § ¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥-
´¨¥ ¶µ¤ ¢²Ö¥É¸Ö ±µ´±Ê·¨·ÊÕÐ¨³ α-· ¸¶ ¤µ³. �¤´ ±µ ²¥¢¥¥ N = 126 Ô´¥·-
£¨Ö α-· ¸¶ ¤  Qα ·¥§±µ ¶ ¤ ¥É,   § É¥³ ³¥¤²¥´´µ ´ · ¸É ¥É ¸ Ê¢¥²¨Î¥´¨¥³
´¥°É·µ´´µ£µ ¤¥Ë¨Í¨É , Ê³¥´ÓÏ ¥É¸Ö ·µ²Ó ¢¥É¢¨ α-· ¸¶ ¤ , ¢µ§· ¸É ¥É ¢¥²¨-
Î¨´  Tα/(Tα + TEC), ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É Ê¸¨²¥´¨Õ ±µ´±Ê·¥´Í¨¨ …‘-§ Ì¢ É 
¸ α-· ¸¶ ¤µ³. �´¥·£¨Ö QEC §¤¥¸Ó Ê¦¥ ¶·¥¢ÒÏ ¥É ¢Ò¸µÉÊ ¡ ·Ó¥·µ¢ ¤¥²¥´¨Ö
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’ ¡²¨Í  2. ˆ¸¸²¥¤µ¢ ´´Ò¥ ´¥°É·µ´µ¤¥Ë¨Í¨É´Ò¥ § ¶ §¤Ò¢ ÕÐ¨¥ ¨§²ÊÎ É¥²¨

Ÿ¤·µ T1/2 PDF Ÿ¤¥·´Ò¥ ·¥ ±Í¨¨

180Tl 0, 70+0,12
−0,09 c ∼ 10−6

208Ac 0,1 c Å 197Au(20Ne, 9n)208Ac
228Np (60± 5) c Å 209Bi(20Ne, 3n)228Np

(1, 4± 0, 25) ³¨´ 6, 96 · 10−2 230Th(10B, 8n)232Am
232Am (0, 92± 0, 12) ³¨´ 1, 3+4

−0,8 · 10−2 237Np(α, 9n)232Am
(1, 31± 0, 04) ³¨´ (6, 9± 1, 0) · 10−4 237Np(α, 9n)232Am
(2, 6± 0, 2) ³¨´ 6, 95 · 10−5 230Th(10B, 6n)234Am

234Am (2, 6± 0, 2) ³¨´ Å 233U(11B, α6n)234Am
(2, 32± 0, 08) ³¨´ (6, 6± 1, 8) · 10−5 237Np(α, 7n)234Am

238Bk (144± 6) c
240Bk 4 ³¨´ 10−5 232Th(14N, 6n)
242Es 5Ä25 c (1, 4± 0, 8)10−2 205Tl(40Ar, 3n)

244Es 37 c 10−4
235U(14N, 5n)

237Np(12C, 5n)
246Es 8 ³¨´ 3 · 10−5 238U(14N, 6n)
248Es 28 ³¨´ 3 · 10−7 238U(14N, 4n)248Es
246Md 6, 5 · 10−2 209Bi(40Ar, 3n)
248Md 7 c < 5 · 10−4 239Pu(14N, 5n)
250Md 52 c 2 · 10−4 243Am(12C, 5n)250Md

¤µÎ¥·´¨Ì, ¨ ¢ ¶¥·¢ÊÕ µÎ¥·¥¤Ó, Î¥É´µ-Î¥É´ÒÌ Ö¤¥·, ¨, ¸²¥¤µ¢ É¥²Ó´µ, µÉ±·Ò-
¢ ¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ ´ ¡²Õ¤¥´¨Ö § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö.

‘ ³Ò³¨ ¶¥·¢Ò³¨ Ô±¸¶¥·¨³¥´É ³¨, ´ ¶· ¢²¥´´Ò³¨ ´  ¶µ¨¸± …‘DF ¢
µ¡² ¸É¨ § ¶µ²´¥´´ÒÌ ´Ê±²µ´´ÒÌ µ¡µ²µÎ¥± ¸ N = 126 ¨ Z = 82, ±µ£¤ 
N < 126 ¨²¨ Z < 82, ¡Ò²¨ ¸¨´É¥§ ¨ ¨§ÊÎ¥´¨¥ µ¸±µ²µÎ´µ°  ±É¨¢´µ¸É¨ ¨§µÉµ¶ 
208Ac ¢ ‹ ¡µ· Éµ·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¨³. ƒ.�.”²¥·µ¢ . �É¨ Ô±¸¶¥·¨³¥´ÉÒ
¸É ²¨ ¸¨²Ó´Ò³ ±µ¸¢¥´´Ò³ ¶µ¤É¢¥·¦¤¥´¨¥³ ¸ÊÐ¥¸É¢µ¢ ´¨Ö ´µ¢µ£µ ¢¨¤  · ¤¨µ-
 ±É¨¢´µ£µ · ¸¶ ¤  Å § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö. �µÖ¢²¥´¨¥ É ±¨Ì ¤¥²ÖÐ¨Ì¸Ö
¨§µÉµ¶µ¢ É·Ê¤´µ µ¡ÑÖ¸´¨ÉÓ ¸ ¶µ³µÐÓÕ ¨´µ£µ ¶·µÍ¥¸¸ . ‚ ·¥§Ê²ÓÉ É¥ ¢ 1981 £.
§ ·¥£¨¸É·¨·µ¢ ´µ § ¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥´¨¥ Ö¤·  208Ac(208Ac → 208Ra → ff)
[15Ä17]. ˆ¤¥´É¨Ë¨Í¨·µ¢ ´´µ¥ ¤µÎ¥·´¥¥ ¤¥²ÖÐ¥¥¸Ö Ö¤·µ ¶·¨´ ¤²¥¦ ²µ Ê¦¥ ±
¤µ ±É¨´µ¨¤´Ò³ Ö¤· ³ [31,32].

Œ¨Ï¥´Ó 197Au µ¡²ÊÎ ²¨ ¨´É¥´¸¨¢´Ò³ ¶ÊÎ±µ³ ¨µ´µ¢ 20Ne ¸ Ô´¥·£¨¥° ¤µ
11 ŒÔ‚/´Ê±²µ´ ´  Ê¸±µ·¨É¥²¥ “-400. ‘¥Î¥´¨Ö µ¡· §µ¢ ´¨Ö ¤¥²ÖÐ¨Ì¸Ö  ±-
É¨¢´µ¸É¥° ´ Ìµ¤¨²¨¸Ó ¢ ¨´É¥·¢ ²¥ (1, 5 − 2, 0) · 10−35 ¸³2. � ¡²Õ¤ ²¨ 35
¸²ÊÎ ¥¢ ¤¥²¥´¨Ö, ¨ ¶µ ¨Ì · ¸¶·¥¤¥²¥´¨Õ ¢µ ¢·¥³¥´¨ µÍ¥´¨²¨ ¶¥·¨µ¤ ¶µ²Ê-
· ¸¶ ¤  T1/2 ∼ 0, 1 ¸. ‚¥·µÖÉ´µ¸ÉÓ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö PDF µ± § ² ¸Ó ¢
¶·¥¤¥² Ì µÉ 10−1 ¤µ 10−3. �É¨ · ¡µÉÒ µÉ±·Ò²¨ § ³¥Î É¥²Ó´ÊÕ ¢µ§³µ¦´µ¸ÉÓ
¨¸¸²¥¤µ¢ ´¨Ö Ö¤¥·, Ê¤ ²¥´´ÒÌ ´  15Ä20 ´¥°É·µ´µ¢ µÉ ²¨´¨¨ β-¸É ¡¨²Ó´µ¸É¨.
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‚ · ¡µÉ¥ [33] ¨¸¸²¥¤µ¢ ²¨¸Ó Ö¤·  ¢ · °µ´¥ µ¡µ²µÎ±¨ Z = 82. �·¨ µ¡-
²ÊÎ¥´¨¨ ³¨Ï¥´¨ 144Sm ¨µ´ ³¨ 40Ca ¸ Ô´¥·£¨¥° ¤µ 230 ŒÔ‚  ¢Éµ·Ò [33]
µ¡´ ·Ê¦¨²¨ § ¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥´¨¥ ¸ T1/2 ∼ 0, 70 ¸, ±µÉµ·µ¥ µÉ´¥¸²¨ ± ¶µ-
¸²¥¤µ¢ É¥²Ó´µ¸É¨ 180Tl→ 180Hg→ ff . ‚ ·¥§Ê²ÓÉ É¥  ´ ²¨§  Í¥¶¨ ¶·¥¢· -
Ð¥´¨° 180Tl → 180Hg → ff µÍ¥´¨²¨ ¢¥·µÖÉ´µ¸ÉÓ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö
PDF ¢¥²¨Î¨´µ° ∼ 10−6.

‡ ¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥´¨¥ 180Hg µ¶·¥¤¥²Ö¥É¸Ö ¢ µ¸´µ¢´µ³ ¶¨±µ³ ¢ Sβ(E)
¶·¨ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö E∗ ' 6, 8 ŒÔ‚. �¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨Ö PDF ¶·¨-
¢¥¤¥´Ò ¢ É ¡². 3. ˆ§ ¸· ¢´¥´¨Ö · ¸¸Î¨É ´´ÒÌ ¨ ¨§³¥·¥´´ÒÌ §´ Î¥´¨° PDF

³µ¦´µ µÍ¥´¨ÉÓ ¡ ·Ó¥· ¤¥²¥´¨Ö Ö¤·  180Hg: Bf ' 11 ŒÔ‚.

’ ¡²¨Í  3. �¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¢¥·µÖÉ´µ¸É¨ β-§ ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö PDF ¶·¨
· §²¨Î´ÒÌ ¢Ò¸µÉ Ì ¡ ·Ó¥·µ¢ Bf Ö¤·  180Hg

Bf , ŒÔ‚ hω, ŒÔ‚ ∆, ŒÔ‚ PβDF(Γ¸) Γ�‚, ŒÔ‚ PβDF(�‚)

8 0,5 1 1, 5 · 10−1 Å Å

9 0,5 Å Å
1
2

1, 5 · 10−2

3, 1 · 10−2

10 1,0
1
2

1, 4 · 10−5

9, 3 · 10−5
1
2

1, 7 · 10−3

3, 7 · 10−3

10 0,5
1
2

5, 8 · 10−7

1, 2 · 10−5
1
2

7 · 10−4

1, 5 · 10−3

11 1,0
1
2

3, 2 · 10−8

2, 4 · 10−7
1
2

1, 1 · 10−5

2, 3 · 10−5

12 1,5
1
2

9, 5 · 10−4

1, 8 · 10−7
1
2

2 · 10−8

4, 1 · 10−8

13 1,5 Å Å
1
2

2, 9 · 10−8

6 · 10−8

�·¨³¥Î ´¨¥. Γ‘ Å Sβ ¶·¥¤¸É ¢²¥´  £ Ê¸¸¨ ´µ³ ¸ ¶µ²ÊÏ¨·¨´µ° ∆, �‚ Å Sβ § ¤ ´  ¢ ¢¨¤¥

· ¸¶·¥¤¥²¥´¨Ö �·¥°É Å‚¨£´¥·  ¸ Ï¨·¨´µ° Γ�‚. Œ ±¸¨³Ê³ Sβ Å ¶·¨ E = 6, 8 ŒÔ‚.

�±¸¶¥·¨³¥´É ²Ó´ Ö µÍ¥´±  PDF ≈ 10−6, Qβ = 11 ŒÔ‚.

2.10. ‡ ¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥´¨¥ ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ Ö¤¥·. ˆ¸¸²¥¤µ¢ -
´¨Ö § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö ¢ µ¡² ¸É¨ ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ Ö¤¥· ¶·¥¤¸É ¢-
²ÖÕÉ µ¸µ¡Ò° ¨´É¥·¥¸, É ± ± ± ¶·µÍ¥¸¸ ¤¥²¥´¨Ö ¶µ¸²¥ β-· ¸¶ ¤  ¨£· ¥É µ¸´µ¢-
´ÊÕ ·µ²Ó ¢ ¸¨´É¥§¥ ÉÖ¦¥²ÒÌ Ô²¥³¥´Éµ¢ ‚¸¥²¥´´µ°, ¢±²ÕÎ Ö ¨ ¢µ§³µ¦´µ¸ÉÓ
µ¡· §µ¢ ´¨Ö ¸¢¥·ÌÉÖ¦¥²ÒÌ Ô²¥³¥´Éµ¢ ¢ µ¡² ¸É¨ Z ∼ 114 c ³ £¨Î¥¸±¨³ Î¨-
¸²µ³ ´¥°É·µ´µ¢. �  §´ Î¥´¨¥ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö ¢ Ö¤¥·´µ³ ´Ê±²¥µ¸¨´-
É¥§¥ Ê± § ´µ ¢ · ¡µÉ¥ [34].
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ƒ ´£·¸±¨° ¨ ¤·. [35] ¨§ÊÎ ²¨ § ¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥´¨¥ ¨§µÉµ¶µ¢ ¶·µÉ ±É¨-
´¨Ö ¸ ³ ¸¸µ¢Ò³¨ Î¨¸² ³¨ 234, 236, 238. • · ±É¥·¨¸É¨±¨ ´¥Î¥É´µ-´¥Î¥É´ÒÌ
Ö¤¥· ÔÉ¨Ì ¨§µÉµ¶µ¢, ·¥ ±Í¨¨ ¸¨´É¥§  ¨ ¸¥Î¥´¨Ö ¨Ì µ¡· §µ¢ ´¨Ö ¶·¨¢¥¤¥´Ò ¢
É ¡². 4.

’ ¡²¨Í  4. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ µ β-§ ¶ §¤Ò¢ ÕÐ¥³ ¤¥²¥´¨¨

β-¶¥·¥Ìµ¤ Q, �¥ ±Í¨Ö E, σ, ¸³2 σf , ¸³2 PDF

ŒÔ‚ ŒÔ‚

238Pa→238U 4,0 238U(n, p)
(n, p)

14,7
8Ä20

1, 5 ·10−27

3, 0 ·10−27
10−33

5 ·10−33
6 · 10−7

1, 0 · 10−8

238U(γ, np) 27 1, 0 ·10−27 10−36 10−9

236Pa→236U 3,1 238U(d,α) 18 1, 0 ·10−28 3 ·10−38 3 · 10−10

(p, 2pn) 1000 10−9

234Pa→234U 2,2 232Th(α, np) 36 3, 0 ·10−27 ·10−38 3 · 10−12

256mEs 254Es(t, p) 16 „¥²¥´¨¥
¸ Ê·µ¢´Ö
1425 ±Ô‚
2 · 10−5

‘¥Î¥´¨Ö ·¥ ±Í¨° ¸ ¤¥°É·µ´ ³¨ [36] ¨ ´¥°É·µ´ ³¨ ¸ Ô´¥·£¨¥° 14,7 ŒÔ‚
[37] ¡Ò²¨ ¨§³¥·¥´Ò · ´¥¥. ˆ§µÉµ¶ 238Pa ´ ± ¶²¨¢ ²¸Ö ¶·¨ µ¡²ÊÎ¥´¨¨ ¸Éµ-
¶µ± ¨§ ¸²µ¥¢ Ê· ´  ¢ ´¥°É·µ´´µ³ ¶µÉµ±¥, £¥´¥·¨·Ê¥³µ³ ¢ ¡µ³¡ ·¤¨·Ê¥³µ°
¤¥°É·µ´ ³¨ Éµ²¸Éµ° ¡¥·¨²²¨¥¢µ° ³¨Ï¥´¨. �´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· ´¥°É·µ´µ¢
´ Ìµ¤¨É¸Ö ¢ ¤¨ ¶ §µ´¥ 8÷ 20 ŒÔ‚. ‘·¥¤´¥¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ 238U(n, p) µÍ¥-
´¥´µ ¶µ ÔÉµ³Ê ¸¶¥±É·Ê, ËÊ´±Í¨¨ ¢µ§¡Ê¦¤¥´¨Ö (n, p)-·¥ ±Í¨¨ ¨ ¨§¢¥¸É´µ³Ê
¸¥Î¥´¨Õ ¶·¨ Ô´¥·£¨¨ ´¥°É·µ´µ¢ 14,7 ŒÔ‚.

‚ ¤·Ê£¨Ì ¸²ÊÎ ÖÌ ¸¥Î¥´¨Ö µ¶·¥¤¥²Ö²¨¸Ó ¶µ ¨´É¥´¸¨¢´µ¸É¨ γ-²¨´¨° ¢ ¶·µ-
Í¥¸¸¥ · ¸¶ ¤  Ö¤¥· 234Pa ¨ 236Pa. „²Ö ¶µ¢ÒÏ¥´¨Ö ¨´É¥´¸¨¢´µ¸É¨ ¨§ÊÎ ¥³ÒÌ
¨§²ÊÎ¥´¨° ¨¸¶µ²Ó§µ¢ ² ¸Ó ³Ê²ÓÉ¨³¨Ï¥´´ Ö ¸¡µ·±  (ŒŒ‘). �µÉµ± Î ¸É¨Í
¸· §Ê ¶ ¤ ² ´  20 Ê· ´µ¢ÒÌ ¨²¨ Éµ·¨¥¢ÒÌ ³¨Ï¥´¥° Éµ²Ð¨´µ° 100 ³£/¸³2.
�¥·¥¤ µ¡²ÊÎ¥´¨¥³ Ê· ´  ³¨Ï¥´¨ ¸±² ¤Ò¢ ²¨¸Ó ¢¶²µÉ´ÊÕ. �µ¸²¥ µ±µ´Î -
´¨Ö Í¨±²  µ¡²ÊÎ¥´¨Ö ¸²µ¨ · §¤¢¨£ ²¨¸Ó ´  · ¸¸ÉµÖ´¨¥ 4 ³³ ¤·Ê£ µÉ ¤·Ê£  ¨
¢ µ¡· §µ¢ ¢Ï¨¥¸Ö § §µ·Ò ¶¥·¨µ¤¨Î¥¸±¨ ¢¢µ¤¨² ¸Ó ¶µ²¨ÔÉ¨²¥´É¥· ËÉ ² É´ Ö
¶²¥´± , ¸²Ê¦¨¢Ï Ö ¶· ±É¨Î¥¸±¨ ¡¥¸Ëµ´µ¢Ò³ É·¥±µ¢Ò³ ¤¥É¥±Éµ·µ³. �µ¸²¥¤µ-
¢ É¥²Ó´ Ö § ³¥´  ¤¥É¥±Éµ·µ¢ Î¥·¥§ § ¤ ´´Ò¥ ¢·¥³¥´´Ò¥ ¨´É¥·¢ ²Ò ¶µ§¢µ²¨² 
¨§³¥·¨ÉÓ · ¸¶·¥¤¥²¥´¨¥ ¶µ ¢·¥³¥´¨ µ¸±µ²±µ¢ ¨ ¶µ¸É·µ¨ÉÓ ±·¨¢ÊÕ · ¸¶ ¤ .

�¥¸³µÉ·Ö ´  ¨¸¶µ²Ó§µ¢ ´¨¥ Œ‘‘, Î¨¸²µ ·¥£¨¸É·¨·Ê¥³ÒÌ µ¸±µ²±µ¢ µ¸É -
¢ ²µ¸Ó ´¥§´ Î¨É¥²Ó´Ò³. �·¨Ìµ¤¨²µ¸Ó ÉÐ É¥²Ó´µ  ´ ²¨§¨·µ¢ ÉÓ ¢µ§³µ¦´Ò¥
¨¸ÉµÎ´¨±¨ Ëµ´  ¨ ¶·¨´¨³ ÉÓ ³¥·Ò ± ¨Ì Ê¸É· ´¥´¨Õ. ‚ ·¥§Ê²ÓÉ É¥ ¸µ¢¥·Ï¥´-
¸É¢µ¢ ´¨Ö ³¥Éµ¤¨±¨ ¢µ ¢¸¥Ì Ô±¸¶¥·¨³¥´É Ì, ±·µ³¥ µ¡²ÊÎ¥´¨Ö ´¥°É·µ´ ³¨ ¸



1548 Š“‡�…–�‚ B.ˆ., ‘Š��…‹…‚ �.Š.

Ô´¥·£¨¥° 14,7 ŒÔ‚, ´ ¡²Õ¤ ¥³µ¥ Î¨¸²µ µ¸±µ²±µ¢, ¸µ¶·µ¢µ¦¤ ¢Ï¥¥ § ¶ §¤Ò-
¢ ÕÐ¥¥ ¤¥²¥´¨¥ Ö¤¥·, µ¶·¥¤¥²¥´´µ ¶·¥¢ÒÏ ²µ Ê·µ¢¥´Ó Ëµ´ .

—¨¸²µ § ·¥£¨¸É·¨·µ¢ ´´ÒÌ µ¸±µ²±µ¢ µ± § ²µ¸Ó ´¥¤µ¸É ÉµÎ´Ò³, ÎÉµ¡Ò
µ¶·¥¤¥²¨ÉÓ ¶¥·¨µ¤Ò ¶µ²Ê· ¸¶ ¤  ´ ¡²Õ¤ ¥³ÒÌ  ±É¨¢´µ¸É¥° ¸ Ê¤µ¢²¥É¢µ·¨-
É¥²Ó´µ° ÉµÎ´µ¸ÉÓÕ. �¤´ ±µ ¶µ²ÊÎ¥´´Ò¥ ¤ ´´Ò¥ ´¥ ¶·µÉ¨¢µ·¥Î É §´ Î¥´¨Ö³
¨§¢¥¸É´ÒÌ ¶¥·¨µ¤µ¢ ¶µ²Ê· ¸¶ ¤  238Pa ¨ 236Pa. �´ ²¨§ Ö¤¥·´ÒÌ ·¥ ±Í¨°,
¶·µÉ¥± ÕÐ¨Ì µ¤´µ¢·¥³¥´´µ ¸ ¨§ÊÎ ¥³Ò³¨, ¶·¨¢¥² ± ¢Ò¢µ¤Ê: ´¨ µ¤¨´ ¨§
¤·Ê£¨Ì ¢µ§³µ¦´ÒÌ ¶·µ¤Ê±Éµ¢ ÔÉ¨Ì ·¥ ±Í¨° ´¥ ³µ¦¥É ¡ÒÉÓ ¨¸ÉµÎ´¨±µ³ µ¸±µ-
²µÎ´µ°  ±É¨¢´µ¸É¨ ± ± ¶µ ¶·¨Î¨´¥ ³ ²µ£µ ¢·¥³¥´¨ ¦¨§´¨ ¸¶µ´É ´´µ ¤¥²Ö-
Ð¨Ì¸Ö ¨§µ³¥·µ¢ Ëµ·³Ò ¢ ÔÉµ° µ¡² ¸É¨ Ö¤¥· (∼ 10−6 ¸), É ± ¨ ¢¢¨¤Ê ¡µ²ÓÏ¨Ì
¶¥·¨µ¤µ¢ ¶µ²Ê· ¸¶ ¤  ¶µ µÉ´µÏ¥´¨Õ ± ¸¶µ´É ´´µ³Ê ¤¥²¥´¨Õ.

—¨¸²µ § ·¥£¨¸É·¨·µ¢ ´´ÒÌ É·¥±µ¢ µ¸±µ²±µ¢ ¤¥²¥´¨Ö ¢µ ¢¸¥Ì Ô±¸¶¥·¨³¥´-
É Ì ´µ·³¨·µ¢ ²µ¸Ó ¶µ µÉ´µÏ¥´¨Õ ± ¢ÒÌµ¤Ê µ¸±µ²±µ¢ ³£´µ¢¥´´µ£µ ¤¥²¥´¨Ö.
‚ÒÌµ¤ µ¶·¥¤¥²Ö²¸Ö ¶µ γ-¨§²ÊÎ¥´¨Õ µ¸±µ²±  140Ba. �µ²ÊÎ¥´´Ò¥ ¤ ´´Ò¥ ¶µ-
§¢µ²¨²¨ ¢ÒÎ¨¸²¨ÉÓ ¸¥Î¥´¨¥ µ¡· §µ¢ ´¨Ö µ¸±µ²µÎ´µ°  ±É¨¢´µ¸É¨ σDF ¨ ¢¥-
·µÖÉ´µ¸ÉÓ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö PDF = σDF/σ. ‡ ¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥´¨¥
Ö¤·  234Pa ´¥ ´ ¡²Õ¤ ²µ¸Ó.

� É¨¸É ¨ ¤·. [38] ¨¸¸²¥¤µ¢ ²¨ § ¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥´¨¥ 236Pa→ 236U→ff
¢ ·¥ ±Í¨¨ 238U(p, 2pn)236Pa. �ÊÎ±µ³ ¶·µÉµ´µ¢ ¸ Ô´¥·£¨¥° 1 ƒÔ‚ µ¡²ÊÎ ²¨
¶·¨£µÉµ¢²¥´´ÊÕ ¨§ Ê· ´¨²´¨É· É  ³¨Ï¥´Ó, ¸µ¤¥·¦ ÐÊÕ 5 £ Ê· ´ . ‚·¥³Ö
µ¤´µ±· É´µ£µ ¸¥ ´¸  µ¡²ÊÎ¥´¨Ö ¸µ¸É ¢²Ö²µ 7 ³¨´. �µ¸²¥ ¤²¨¢Ï¥£µ¸Ö 6 ³¨´
Ì¨³¨Î¥¸±µ£µ ¢Ò¤¥²¥´¨Ö ¶·µÉ ±É¨´¨Ö ¨§ µ¡²ÊÎ¥´´µ£µ ¢¥Ð¥¸É¢  ³¨Ï¥´¨ ¶·µ-
É ±É¨´¨¥¢ÊÕ Ë· ±Í¨Õ ¶µ³¥Ð ²¨ ³¥¦¤Ê ¸²Õ¤Ö´Ò³¨ ¤¥É¥±Éµ· ³¨ µ¸±µ²±µ¢
¤¥²¥´¨Ö. �¤´µ¢·¥³¥´´µ ¸ ·¥£¨¸É· Í¨¥° µ¸±µ²±µ¢ ¤¥²¥´¨Ö ¨§³¥·Ö²¸Ö γ-¸¶¥±É·
¶·µ¤Ê±Éµ¢ Ë· ±Í¨¨ ¸ ¶µ³µÐÓÕ £¥·³ ´¨¥¢µ£µ ¤¥É¥±Éµ· . �µ²´µ¥ Î¨¸²µ ¸¨´-
É¥§¨·µ¢ ´´ÒÌ Ö¤¥· 236Pa µ¶·¥¤¥²Ö²µ¸Ó ¶µ Ê¡Ò¢ ´¨Õ ¨´É¥´¸¨¢´µ¸É¨ ²¨´¨¨
¸ Ô´¥·£¨¥° γ-±¢ ´Éµ¢ E = 642 ±Ô‚, Ì · ±É¥·´µ° ¤²Ö 236Pa. ‚ ·¥§Ê²ÓÉ É¥
¢ Ô±¸¶¥·¨³¥´É Ì ´  ¶·µÉµ´ Ì ¸ Ô´¥·£¨¥° 1 ƒÔ‚ ¡Ò²  ¶µ²ÊÎ¥´  ¢¥·µÖÉ´µ¸ÉÓ
§ ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö 236Pa ∼ 10−9.

•µ²² ¨ ¤·. [39] ¨§ÊÎ ²¨ β-§ ¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥´¨¥ 256mEs (T1/2 = 7, 6 Î)
→256 Fm(T1/2 = 2, 63 Î) → ff . ˆ§µÉµ¶ 256mEs ¸¨´É¥§¨·µ¢ ²¨ ¢ Ö¤¥·´µ°
·¥ ±Í¨¨ 254Es(t, p)256mEs. �  ¸²¥¤ÊÕÐ¥³ ÔÉ ¶¥ Ô°´ÏÉ¥°´¨° µÉ¤¥²Ö²¸Ö ´ 
¨µ´´µ-µ¡³¥´´µ° ±µ²µ´±¥ µÉ µ¸É ²Ó´ÒÌ ¶·µ¤Ê±Éµ¢ Ö¤¥·´ÒÌ ·¥ ±Í¨°. �µ¸²¥
Ì¨³¨Î¥¸±µ£µ · §¤¥²¥´¨Ö ¨§ÊÎ ²¸Ö · ¸¶ ¤ ¶·¨ ¶¥·¥Ìµ¤¥ 256mEs ¢ 256Fm ¸ ¨§-
³¥·¥´¨¥³ β−γ, γ−γ, β−f -¸µ¢¶ ¤¥´¨°. “¤ ²µ¸Ó ¶µ¸É·µ¨ÉÓ ¸É·Ê±ÉÊ·Ê Ê·µ¢´¥°
¤µÎ¥·´¥£µ Ö¤·  256Fm ¨ § ·¥£¨¸É·¨·µ¢ ÉÓ  ±ÉÒ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö.

�±¸¶¥·¨³¥´É ¶·µÌµ¤¨² ¸²¥¤ÊÕÐ¨³ µ¡· §µ³. ˆ§ ¢¥Ð¥¸É¢ , ¸µ¤¥·¦ Ð¥£µ
254Es (T1/2 = 276 ¸ÊÉ) ¢Ò¤¥²¨²¨ 0,1 ³±£ Î¨¸Éµ£µ Ô°´ÏÉ¥°´¨Ö ¨ Ô²¥±É·µ-
²¨É¨Î¥¸±¨³ ¸¶µ¸µ¡µ³ µ¸ ¤¨²¨ ´  ¡¥·¨²²¨¥¢ÊÕ ¶µ¤²µ¦±Ê Éµ²Ð¨´µ° 0,0125
³³, ¶µ±·ÒÉÊÕ ¶ ²² ¤¨¥³. �°´ÏÉ¥°´¨° ¢Ò¸ ¦¨¢ ²¨ ´  ±·Ê¦µ± ¤¨ ³¥É·µ³
0,2 ¸³. ’µ²Ð¨´  ³¨Ï¥´¨, ¨§³¥·¥´´ Ö ¸ ¶µ³µÐÓÕ  ²ÓË -¸¶¥±É·µ¸±µ¶¨¨, · ¢-
´Ö² ¸Ó 2,5 ³±£/¸³2. Œ¨Ï¥´Ó µÌ² ¦¤ ² ¸Ó £¥²¨¥¢Ò³ ¶µÉµ±µ³ (¸³. ·¨¸. 17).
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�¨¸. 17. ‘Ì¥³  µ¡²ÊÎaÉ¥²Ó´µ£µ ¡²µ±  254Es ¢ ¶·µÍ¥¸¸¥ ¸¨´É¥§  256mEs:
254Es(t, p)256mEs

‚¢¨¤Ê ¢Ò¸µ±µ°  ±É¨¢´µ¸É¨ Ô°´ÏÉ¥°´¨Ö ¢¥¸Ó µÌ² ¦¤ ÕÐ¨° £ § ¶·µÌµ¤¨² Î¥-
·¥§ Ë¨²ÓÉ·Ò,   ¢¡²¨§¨ ³¨Ï¥´´µ° ± ³¥·Ò Ê¸É ´ ¢²¨¢ ²¨¸Ó ¤¥É¥±Éµ·Ò, ±µ´É·µ-
²¨·ÊÕÐ¨¥  ±É¨¢´µ¸ÉÓ ¢µ§¤ÊÌ . Œ¨Ï¥´Ó µ¡²ÊÎ ² ¸Ó µ±µ²µ 7 Î Ê¸±µ·¥´´Ò³¨
¤µ Ô´¥·£¨¨ 16 ŒÔ‚ ¨µ´ ³¨ É·¨É¨Ö ¸ ¨´É¥´¸¨¢´µ¸ÉÓÕ 6 ÷ 10 ³±�. �É  Ô´¥·-
£¨Ö É·¨É¨Ö ¸µµÉ¢¥É¸É¢µ¢ ²  ³ ±¸¨³ ²Ó´µ³Ê ¢ÒÌµ¤Ê 256mEs. �·¨ ÔÉµ³ ¸¥Î¥´¨¥
µ¡· §µ¢ ´¨Ö 256mEs · ¢´Ö²µ¸Ó 1, 6 · 10−26 ¸³2. �·µ¤Ê±ÉÒ µÉ¤ Î¨ ¸µ¡¨· ²¨¸Ó
´  §µ²µÉµ° ¸¡µ·´¨±. �µ¸²¥ µ¡²ÊÎ¥´¨Ö ³¨Ï¥´Ó ¨ ³¨Ï¥´´ Ö ± ³¥·  ®µ¸ÉÒ¢ -
²¨¯ ¢ É¥Î¥´¨¥ Î ¸ . ‡  ÔÉµ ¢·¥³Ö · ¸¶ ¤ ²¨¸Ó ±µ·µÉ±µ¦¨¢ÊÐ¨¥ Ö¤· , ¢±²ÕÎ Ö
256Es (T1/2 = 25 ³¨´). �µ¸²¥ µ¡²ÊÎ¥´¨Ö Ô°´ÏÉ¥°´¨° µÉ¤¥²Ö²¸Ö ¸ ¶µ³µÐÓÕ
¨µ´´µ-µ¡³¥´´ÒÌ ³¥Éµ¤µ¢ µÉ ¤·Ê£¨Ì ¶·µ¤Ê±Éµ¢ ·¥ ±Í¨¨ ¨ ³ É¥·¨ ²  ³¨Ï¥´¨.
„²Ö µ¸¢µ¡µ¦¤¥´¨Ö µÉ ¸¶µ´É ´´µ ¤¥²ÖÐ¥£µ¸Ö Ö¤·  256Fm ¶·¨³¥´Ö² ¸Ó ¤¢µ°-
´ Ö µÎ¨¸É± . ’µ£¤  ¢ ´ Î ²Ó´Ò° ³µ³¥´É ¸Î¥É  µ¸±µ²±¨ ¸¶µ´É ´´µ£µ ¤¥²¥´¨Ö
¤µÎ¥·´¥£µ Ë¥·³¨Ö ´¥ § É·Ê¤´ÖÕÉ ¨§³¥·¥´¨Ö. „ ´´Ò¥ µ ¸Ì¥³¥ Ê·µ¢´¥° 256Fm
¶µ²ÊÎ¥´Ò ¶·¨ ·¥£¨¸É· Í¨¨ β−−γ ¨ γ−γ-¸µ¢¶ ¤¥´¨°, ¢ Éµ ¢·¥³Ö ± ± µ¸±µ²±¨
β-§ ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö 256mEs § ·¥£¨¸É·¨·µ¢ ´Ò ¶·¨ β − f -¸µ¢¶ ¤¥´¨ÖÌ.
�¢Éµ·Ò ¶µ¸É·µ¨²¨ ¶µ¤·µ¡´ÊÕ ¸Ì¥³Ê Ê·µ¢´¥° 256Fm.

�µ ¤ ´´Ò³ β − γ-¸µ¢¶ ¤¥´¨° ¶¥·¨µ¤ ¶µ²Ê· ¸¶ ¤  ¨§µ³¥·´µ£µ Ê·µ¢´Ö
1425 ±Ô‚ µ± § ²¸Ö · ¢´Ò³ (70 ± 5) · 10−9 ¸ Å §´ Î¨É¥²Ó´µ ³¥´ÓÏ¥, Î¥³
¶·¥¤¶µ² £ ²¨, µ¶¨· Ö¸Ó ´  ¸¨¸É¥³ É¨±Ê K-§ ¶·¥Ð¥´´ÒÌ ¶¥·¥Ìµ¤µ¢.

‚ ¨Éµ£¥  ¢Éµ·Ò ¶·¨Ï²¨ ± § ±²ÕÎ¥´¨Õ, ÎÉµ § ¶ §¤Ò¢ ÕÐ Ö ¤¥²¨É¥²Ó´ Ö
 ±É¨¢´µ¸ÉÓ 256mEs ¨¤¥É ¶µ¸²¥ § ¸¥²¥´¨Ö Ê·µ¢´Ö 1425 ±Ô‚. „¥°¸É¢¨É¥²Ó´µ, ¢
¸µ¢¶ ¤¥´¨¨ ¸ β-Î ¸É¨Í ³¨ ¨ § ¤¥·¦±µ° ∼ 70 ´¸ ´ ¡²Õ¤ ²µ¸Ó ¢¸¥£µ ¤¢  ¸²ÊÎ Ö
§ ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö. „¥²¥´¨¥ ¸ ¨§µ³¥·´µ£µ Ê·µ¢´Ö 1425 ±Ô‚ ¸µ ¸¶¨´µ³ ¨
Î¥É´µ¸ÉÓÕ 7− Ö¤·  256Fm, ¶µ-¢¨¤¨³µ³Ê, ¶¥·¢Ò° ¸²ÊÎ °, ±µ£¤  § ¶ §¤Ò¢ ÕÐ¥¥
¤¥²¥´¨¥ § ·¥£¨¸É·¨·µ¢ ´µ ± ± ¤¥²¥´¨¥ ¨§ ¨§µ³¥·´µ£µ ¸µ¸ÉµÖ´¨Ö ¶¥·¢µ° Ö³Ò.
�Î¥´Ó ³ ² Ö ¢¥²¨Î¨´  ¢¥É¢¨ ¤¥²¥´¨Ö (2 ·10−5) Ê·µ¢´Ö 1425 ±Ô‚ ¶µ¤É¢¥·¦¤ ¥É
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¸¤¥² ´´Ò° ¢Ò¢µ¤. � ·Í¨ ²Ó´Ò° ¶¥·¨µ¤ ¶µ²Ê· ¸¶ ¤  ¶µ µÉ´µÏ¥´¨Õ ± ¤¥²¥´¨Õ
µÍ¥´¨²¨ ¢¥²¨Î¨´µ° ∼ 0, 8 ³¸.

�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ µ β-§ ¶ §¤Ò¢ ÕÐ¥³ ¤¥²¥´¨¨ ¢ Í¥¶ÖÌ ¸ ³ É¥-
·¨´¸±¨³¨ Ö¤· ³¨ ¶·µÉ ±É¨´¨Ö ¨ Ô°´ÏÉ¥°´¨Ö ¶·¨¢¥¤¥´Ò ¢ É ¡². 4. ‚¢¨¤Ê ³ -
²ÒÌ ¸¥Î¥´¨° µ¡· §µ¢ ´¨Ö ³ É¥·¨´¸±¨Ì Ö¤¥·-¶·¥¤Ï¥¸É¢¥´´¨±µ¢ § ¶ §¤Ò¢ Õ-
Ð¥£µ ¤¥²¥´¨Ö É·¥¡ÊÕÉ¸Ö ¡µ²ÓÏ¨¥ Ê¸¨²¨Ö ¤²Ö ·¥Ï¥´¨Ö ¶·µ¡²¥³, ¢µ§´¨± ÕÐ¨Ì
¶·¨ ¶µ¤ ¢²¥´¨¨ Ëµ´ , µ¡Ê¸²µ¢²¥´´µ£µ, ´ ¶·¨³¥·, ¤¥²¥´¨¥³ Ê· ´  § ¶ §¤Ò¢ -
ÕÐ¨³¨ ´¥°É·µ´ ³¨, γ-¨§²ÊÎ¥´¨¥³ µ¸±µ²±µ¢, ¸¶µ´É ´´Ò³ ¤¥²¥´¨¥³ ¤µÎ¥·´¨Ì
Ö¤¥·.

�É¨ Ê¸¨²¨Ö µ¶· ¢¤ ´Ò É¥³, ÎÉµ ´  ¨Ì µ¸´µ¢¥ ¶µ²ÊÎ¥´Ò ¸¢¥¤¥´¨Ö µ £²Ê¡µ±µ-
¶µ¤¡ ·Ó¥·´µ³ ¤¥²¥´¨¨ ¨§ ¨¤¥´É¨Ë¨Í¨·µ¢ ´´µ£µ ¨§µ³¥·´µ£µ Ê·µ¢´Ö ¤µÎ¥·´¥£µ
Ö¤· .

�·Ö³Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¶µ ¨§ÊÎ¥´¨Õ ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ Ö¤¥·, Ê ±µÉµ-
·ÒÌ Qβ ∼ Bf , É.¥. §´ Î¨É¥²Ó´µ Ê¤ ²¥´´ÒÌ µÉ ²¨´¨¨ β-¸É ¡¨²Ó´µ¸É¨, ³µ£²¨
¡ÒÉÓ, ¢ ¶·¨´Í¨¶¥, ¶µ¸É ¢²¥´Ò ¢ ¨³¶Ê²Ó¸´ÒÌ ´¥°É·µ´´ÒÌ ¶µÉµ± Ì É¥·³µ-
Ö¤¥·´ÒÌ ¢§·Ò¢µ¢. �¤´ ±µ · §· ¡µÉ±  É ±¨Ì ³¥Éµ¤¨±, ¶µ ¶µ´ÖÉ´Ò³ ¶·¨Î¨´ ³,
¸É ²±¨¢ ¥É¸Ö ¸ µ£·µ³´Ò³¨ É·Ê¤´µ¸ÉÖ³¨. Š Éµ³Ê ¦¥ ¸¥£µ¤´Ö ¢ ·Ö¤¥ ¸É· ´ § -
¶·¥Ð¥´Ò ¨¸¶ÒÉ ´¨Ö ¶µ¤§¥³´ÒÌ É¥·³µÖ¤¥·´ÒÌ Ê¸É·µ°¸É¢. �¸É ¥É¸Ö ´ ¤¥ÖÉÓ¸Ö
´  ¶µ²ÊÎ¥´¨¥ Ê¸±µ·¥´´ÒÌ ¶ÊÎ±µ¢ · ¤¨µ ±É¨¢´ÒÌ ÉÖ¦¥²ÒÌ ¨µ´µ¢ ¸ ¡µ²ÓÏ¨³
¨§¡ÒÉ±µ³ ´¥°É·µ´µ¢, ¢ ·¥ ±Í¨ÖÌ ´  ±µÉµ·ÒÌ ³µ£²¨ ¡ÒÉÓ ¶µ²ÊÎ¥´Ò ³ É¥·¨´-
¸±¨¥ ´¥°É·µ´µ¨§¡ÒÉµÎ´Ò¥ ¨§µÉµ¶Ò ¢ µ¡² ¸É¨, £¤e µ¦¨¤ ¥É¸Ö § ¶ §¤Ò¢ ÕÐ¥¥
¤¥²¥´¨¥.

‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¨³¥ÕÉ¸Ö ²¨ÏÓ ±µ¸¢¥´´Ò¥ ¤ ´´Ò¥ µ § ¶ §¤Ò¢ ÕÐ¥³
¤¥²¥´¨¨ ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ Ö¤¥·, ¸¨´É¥§¨·µ¢ ´´ÒÌ ¢ ¨³¶Ê²Ó¸´ÒÌ ´¥°É·µ´-
´ÒÌ ¶µÉµ± Ì ¶µ¤§¥³´ÒÌ É¥·³µÖ¤¥·´ÒÌ ¢§·Ò¢µ¢. �¥·¨µ¤Ò ¶µ²Ê· ¸¶ ¤  ³ -
É¥·¨´¸±¨Ì Ö¤¥·-¶·¥¤Ï¥¸É¢¥´´¨±µ¢ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö ¸²¨Ï±µ³ ³ ²Ò,
ÎÉµ¡Ò ¸ ¨³¥ÕÐ¨³¨¸Ö ³¥¤²¥´´Ò³¨ ³¥Éµ¤¨± ³¨ ¢Ò¤¥²¥´¨Ö ¨§µÉµ¶µ¢ ÉÖ¦¥²ÒÌ
Ô²¥³¥´Éµ¢ ³µ¦´µ ¡Ò²µ § ·¥£¨¸É·¨·µ¢ ÉÓ ¨Ì § ¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥´¨¥.

2.11. � ·Ó¥·Ò ¤¥²¥´¨Ö Ö¤¥·, Ê¤ ²¥´´ÒÌ µÉ ²¨´¨¨ β-¸É ¡¨²Ó´µ¸É¨, ¨ § -
¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥´¨¥. � ·Ó¥·Ò ¤¥²¥´¨Ö Ö¤¥· Å µ¸´µ¢´ Ö Ì · ±É¥·¨¸É¨± ,
µ¶·¥¤¥²ÖÕÐ Ö ¸É ¡¨²Ó´µ¸ÉÓ ´ ¨¡µ²¥¥ ÉÖ¦¥²ÒÌ Ö¤¥·, ¢±²ÕÎ Ö ¸¢¥·ÌÉÖ¦¥²Ò¥
Ô²¥³¥´ÉÒ. �¸´µ¢´µ° µ¡Ñ¥³ ¨³¥ÕÐ¨Ì¸Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ µ ¡ ·Ó¥-
· Ì ¤¥²¥´¨Ö µÉ´µ¸¨É¸Ö ± Ö¤· ³, ²¥¦ Ð¨³ ¢ ¤µ²¨´¥ β-¸É ¡¨²Ó´µ¸É¨ ¢ µ¡² ¸É¨
90 < Z < 98, 140 < N < 156. � ¨¡µ²¥¥ ¤¥É ²Ó´ Ö ¨´Ëµ·³ Í¨Ö µ Ì · ±É¥-
·¨¸É¨± Ì ÔÉ¨Ì Ö¤¥· ¶µ²ÊÎ¥´  £² ¢´Ò³ µ¡· §µ³ ¢ ·¥ ±Í¨ÖÌ É¨¶  (d, pf), (t, pf),
(t, df) ¨ ¢ (n, f)-·¥ ±Í¨ÖÌ. ‘µ¢·¥³¥´´µ¥ ¶·¥¤¸É ¢²¥´¨¥ µ ¡ ·Ó¥· Ì ¤¥²¥´¨Ö
ÉÖ¦¥²ÒÌ Ö¤¥· ¨ ¨Ì § ¢¨¸¨³µ¸É¨ µÉ N ¨ Z ¶µ±µ¨É¸Ö ´  ±µ´Í¥¶Í¨¨ µ ¸¨²Ó´µ³
¢²¨Ö´¨¨ µ¡µ²µÎ¥Î´ÒÌ ÔËË¥±Éµ¢ ´  Ô´¥·£¨Õ ¤¥Ëµ·³ Í¨¨ Ö¤· , ¸µ£² ¸´µ ±µ-
Éµ·µ° Ö¤¥·´Ò¥ µ¡µ²µÎ±¨ ¢ ¶·µÍ¥¸¸¥ ¤¥Ëµ·³ Í¨¨ ¸µÌ· ´ÖÕÉ¸Ö, ¨§³¥´ÖÖ ²¨ÏÓ
¸¢µ¨ Ì · ±É¥·¨¸É¨±¨. � ¨¡µ²¥¥ ¶²µ¤µÉ¢µ·´Ò° ¶µ¤Ìµ¤ ± É¥µ·¥É¨Î¥¸±µ³Ê ¨¸-
¸²¥¤µ¢ ´¨Õ ¡ ·Ó¥·µ¢ ¤¥²¥´¨Ö Å ³ ±·µ-³¨±·µ¸±µ¶¨Î¥¸±¨° ³¥Éµ¤ ¢ÒÎ¨¸²¥-
´¨Ö Ô´¥·£¨¨ ¶·¨ ¤¥Ëµ·³ Í¨¨ Ö¤¥·, · §¢¨É ¢ · ¡µÉ¥ [40] ¨, ¢ µ¸µ¡¥´´µ¸É¨, ¢
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[41,42]. ˆ¤¥Ö ³¥Éµ¤  § ±²ÕÎ ¥É¸Ö ¢ Éµ³, ÎÉµ £² ¢´ Ö Î ¸ÉÓ ¶µ²´µ° Ô´¥·£¨¨
Ö¤·  ¢ÒÎ¨¸²Ö¥É¸Ö ³ ±·µ¸±µ¶¨Î¥¸±¨ ´  µ¸´µ¢¥ ³µ¤¥²¨ ¦¨¤±µ° ± ¶²¨ ¨²¨ ¥¥
µ¡µ¡Ð¥´¨°,   ¢±² ¤ ÔËË¥±Éµ¢ ¢´ÊÉ·¥´´¥° ¸É·Ê±ÉÊ·Ò ÊÎ¨ÉÒ¢ ¥É¸Ö µ¡µ²µÎ¥Î-
´µ° ¶µ¶· ¢±µ° ¨ ¶µ¶· ¢±µ° ´  ¸¶ ·¨¢ ´¨¥. ’ ±¨³ µ¡· §µ³,

E(q,N, Z) = Ẽ(q,N, Z) + δ E(q,N, Z), (13)

£¤¥ q Å ´ ¡µ· ¶ · ³¥É·µ¢ ¤¥Ëµ·³ Í¨¨, µ¶·¥¤¥²ÖÕÐ¨Ì Ëµ·³Ê Ö¤· ;
E(q, N, Z) Å ³ ±·µ¸±µ¶¨Î¥¸± Ö Î ¸ÉÓ ¶µ²´µ° Ô´¥·£¨¨, µ¶¨¸Ò¢ ÕÐ Ö ¶² ¢-
´Ò¥ ¨§³¥´¥´¨Ö E; δE(q,N, Z) Å ³¨±·µ¸±µ¶¨Î¥¸± Ö ¶µ¶· ¢± , ±µÉµ· Ö µÉ· -
¦ ¥É ²µ± ²Ó´Ò¥ Ë²Ê±ÉÊ Í¨¨ Ô´¥·£¨¨ E, ¢ÒÎ¨¸²Ö¥³ Ö ³¥Éµ¤µ³ ‘É·ÊÉ¨´¸±µ£µ,
±µ£¤  ¨¸¶µ²Ó§ÊÕÉ ÉµÉ ¨²¨ ¨´µ° µ¤´µÎ ¸É¨Î´Ò° ¶µÉ¥´Í¨ ² ¤²Ö ¤¥Ëµ·³¨·µ¢ ´-
´ÒÌ Ö¤e·. ˆ¸¸²¥¤µ¢ ´¨¥ ¶µ¢¥·Ì´µ¸É¨ E(q,N, Z) ´  Ô±¸É·¥³Ê³Ò ¨ ¶·¨¢µ¤¨É
± µ¶·¥¤¥²¥´¨Õ ¡ ·Ó¥·µ¢ ¤¥²¥´¨Ö.

�·¨ ¸µÌ· ´¥´¨¨ µ¸´µ¢´µ° ¨¤¥¨ ¸ÊÐ¥¸É¢ÊÕÉ · §²¨Î´Ò¥ ¢ ·¨ ´ÉÒ ³¨±·µ-
¨ ³ ±·µ¸±µ¶¨Î¥¸±µ£µ ¶µ¤Ìµ¤  ¸ ³´µ£µÎ¨¸²¥´´Ò³¨ ¸¶µ¸µ¡ ³¨ ¶ · ³¥É·¨§ -
Í¨¨ Ëµ·³ Ö¤¥·´µ° ¶µ¢¥·Ì´µ¸É¨ q, ¢Ò¡µ·µ³ ±µ´±·¥É´µ° ³µ¤¥²¨ ¤²Ö · ¸Î¥É 
£² ¤±µ° Î ¸É¨ E, É¨¶µ³ µ¤´µÎ ¸É¨Î´µ£µ ¶µÉ¥´Í¨ ²  ¤²Ö · ¸Î¥É  ³¨±·µ¸±µ¶¨-
Î¥¸±¨Ì ¶µ¶· ¢µ± δE. ‚ ·¨ ´ÉÒ ³¥Éµ¤  ¶·¨¢µ¤ÖÉ ± ¢¥¸Ó³  ¸Ìµ¤´Ò³ ·¥§Ê²ÓÉ -
É ³ ¤²Ö Ö¤¥·, ²¥¦ Ð¨Ì ¢ ¤µ²¨´¥ β-¸É ¡¨²Ó´µ¸É¨. �µÔÉµ³Ê µÉ¤ ÉÓ ¶·¥¤¶µÎÉ¥-
´¨¥ ± ±µ³Ê-²¨¡µ ¢ ·¨ ´ÉÊ ³¨±·µ-³ ±·µ¸±µ¶¨Î¥¸±µ£µ ¶µ¤Ìµ¤ , µ¶¨· Ö¸Ó ´ 
Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¨¸¸²¥¤µ¢ ´¨° ¸¢µ°¸É¢  Éµ³´ÒÌ Ö¤¥· Éµ²Ó±µ ¢
¤µ²¨´¥ β-¸É ¡¨²Ó´µ¸É¨, § É·Ê¤´¨É¥²Ó´µ. ‚¤ ²¨ µÉ ²¨´¨¨ β-¸É ¡¨²Ó´µ¸É¨ ¶µ-
²µ¦¥´¨¥ ³¥´Ö¥É¸Ö. �·¥¤¸± § ´¨Ö ´  µ¸´µ¢¥ · §²¨Î´ÒÌ ¢ ·¨ ´Éµ¢ ³µ¤¥²¥°
µÉ²¨Î ÕÉ¸Ö ¤·Ê£ µÉ ¤·Ê£  ´¥ Éµ²Ó±µ ±µ²¨Î¥¸É¢¥´´µ, ´µ ¨ ± Î¥¸É¢¥´´µ. ’ ±,
³µ¤¥²Ó ¦¨¤±µ° ± ¶²¨ ¢ ¢ ·¨ ´É¥ Œ °¥·¸  ¨ ‘¢ÖÉ¥Í±µ£µ [40] ¨ ³µ¤¥²Ó ³ ²µ°
± ¶²¨ (®¤·µ¶²¨É¯-³µ¤¥²Ó) ¤ ÕÉ ¶·Ö³µ ¶·µÉ¨¢µ¶µ²µ¦´Ò¥ É¥´¤¥´Í¨¨ ¢ ¨§³¥-
´¥´¨¨ ³ ±·µ¸±µ¶¨Î¥¸±µ° Î ¸É¨ ¡ ·Ó¥·  ¢ § ¢¨¸¨³µ¸É¨ µÉ (N − Z)/A. �Éµ
¶·¨¢µ¤¨É ± ¡µ²ÓÏ¨³ · ¸Ìµ¦¤¥´¨Ö³ ¤²Ö ¡ ·Ó¥·µ¢  Éµ³´ÒÌ Ö¤¥·, Ê¤ ²¥´´ÒÌ µÉ
²¨´¨¨ β-¸É ¡¨²Ó´µ¸É¨,   §´ Î¨É, ¶µ§¢µ²Ö¥É ¸Ê¤¨ÉÓ µ ¸É¥¶¥´¨ ¶·¨³¥´¨³µ¸É¨
Éµ° ¨²¨ ¨´µ° ³µ¤¥²¨ ¤²Ö · ¸Î¥É  ¡ ·Ó¥·µ¢. �¤´ ±µ ¶ · ³¥É·Ò ¡ ·Ó¥·µ¢ É -
±¨Ì Ö¤¥· ´¥¢µ§³µ¦´µ ¨§³¥·¨ÉÓ ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö ¢ Ö¤¥·´ÒÌ
·¥ ±Í¨ÖÌ ¢Ò´Ê¦¤¥´´µ£µ ¤¥²¥´¨Ö [43] ¨ ¢ ·¥ ±Í¨ÖÌ µ¡· §µ¢ ´¨Ö ¸¶µ´É ´´µ
¤¥²ÖÐ¨Ì¸Ö ¨§µ³¥·µ¢, ¶µÉµ³Ê ÎÉµ µÉ¸ÊÉ¸É¢ÊÕÉ ¶µ¤Ìµ¤ÖÐ¨¥ ³¨Ï¥´¨ ¨²¨ ´¥É
¸¶µ´É ´´µ ¤¥²ÖÐ¨Ì¸Ö ¨§µ³¥·µ¢ ¢ ¨¸¸²¥¤Ê¥³µ° Ö¤¥·´µ° µ¡² ¸É¨.

…¤¨´¸É¢¥´´ Ö ¢µ§³µ¦´µ¸ÉÓ ¶µ²ÊÎ¥´¨Ö §´ Î¥´¨° ¶ · ³¥É·µ¢ ¤¥²¥´¨Ö Ö¤¥·,
¸¨²Ó´µ Ê¤ ²¥´´ÒÌ µÉ ²¨´¨¨ β-¸É ¡¨²Ó´µ¸É¨, Å ÔÉµ ¨¸¸²¥¤µ¢ ´¨¥ § ¶ §¤Ò-
¢ ÕÐ¥£µ ¤¥²¥´¨Ö. …Ð¥ ¢ 1981 £. ¶² ´¨·µ¢ ²¨¸Ó Ô±¸¶¥·¨³¥´ÉÒ ¶µ ¨§ÊÎ¥-
´¨Õ ´¥°É·µ´µ¤¥Ë¨Í¨É´ÒÌ Ö¤¥·, Ê¤ ²¥´´ÒÌ ´  15Ä20 ´¥°É·µ´µ¢ µÉ ²¨´¨¨
β-¸É ¡¨²Ó´µ¸É¨ [31]. ‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö µ¶·¥¤¥²¥´Ò §´ Î¥´¨Ö ¡ ·Ó¥·µ¢ ¤¥-
²¥´¨Ö ·Ö¤  ´¥°É·µ´µ¤¥Ë¨Í¨É´ÒÌ ¨ ´¥±µÉµ·ÒÌ ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ Ö¤¥· ¶µ
¤ ´´Ò³ µ¡ ¨Ì § ¶ §¤Ò¢ ÕÐ¥³ ¤¥²¥´¨¨. Š ´¨³ µÉ´µ¸ÖÉ¸Ö, ¢ Î ¸É´µ¸É¨, ¨§µ-
Éµ¶Ò 232Pu ¨ 234Pu.
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‚ÒÎ¨¸²¥´´ Ö ¢Ò¸µÉ  ¡ ·Ó¥·  ¤¥²¥´¨Ö 232Pu ´  µ¸´µ¢¥ ¤ ´´ÒÌ ¶µ § ¶ §-
¤Ò¢ ÕÐ¥³Ê ¤¥²¥´¨Õ 232Am, ¢ ¶·¥¤¶µ²µ¦¥´¨¨ Sβ = const [19], ´¥ ¸µ¢¶ ¤ ¥É
¸ · ¸¸Î¨É ´´µ° ¶µ ³¥Éµ¤Ê ‘É·ÊÉ¨´¸±µ£µ. ˆ§µ¸¨³µ¢ ¨ � Ê³µ¢ [44] · ¸¸Î¨-
É ²¨ ¢Ò¸µÉÒ ¡ ·Ó¥·µ¢ ¤¥²¥´¨Ö 236U ¨ 238U ¶µ ¨§³¥·¥´¨Ö³ § ¶ §¤Ò¢ ÕÐ¥£µ
¤¥²¥´¨Ö ¢ · ³± Ì · §²¨Î´ÒÌ ³µ¤¥²¥° ¤¥²¥´¨Ö Ö¤¥· ¸ ¤¢Ê£µ·¡Ò³ ¡ ·Ó¥·µ³
¨ · §²¨Î´ÒÌ ¶·¥¤¶µ²µ¦¥´¨° µ Ì · ±É¥·¥ ¸¨²µ¢µ° ËÊ´±Í¨¨ β-· ¸¶ ¤  ¨ ¶µ-
± § ²¨, ÎÉµ ´¥µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ ·¥§µ´ ´¸´ÊÕ ¸É·Ê±ÉÊ·Ê ¸¨²µ¢µ° ËÊ´±Í¨¨
β-· ¸¶ ¤ .

�µ§¤´¥¥ ¢ · ¡µÉ Ì [44,45] ¡Ò²¨ µÍ¥´¥´Ò ¢Ò¸µÉÒ ¡ ·Ó¥·µ¢ ¤¥²¥´¨Ö ¨ ¢¥-
·µÖÉ´µ¸É¨ PDF Ö¤¥· 232Pu, 244Cf , 248Fm, 248Cf , 240Cm, £¤¥ ¨¸¶µ²Ó§µ¢ ²¨
¡µ²¥¥ ·¥ ²¨¸É¨Î¥¸±¨¥ ³µ¤¥²¨, ¢±²ÕÎ Ö ´¥¸É É¨¸É¨Î¥¸±ÊÕ ¸¨²µ¢ÊÕ ËÊ´±Í¨Õ
…‘-§ Ì¢ É  ¸ ¶¨± ³¨ £ Ê¸¸µ¢¸±µ° Ëµ·³Ò ¸ Í¥´É·µ³ ´  Ê·µ¢´ÖÌ 0+, 2+ ¨
¶µ²ÊÏ¨·¨´µ° 1 ŒÔ‚. � ¸Î¥É ¶·µÍ¥¸¸  ¤¥²¥´¨Ö Î¥·¥§ ¤¢Ê£µ·¡Ò° ¡ ·Ó¥· ¸
ÊÎ¥Éµ³ Î ¸É¨Î´µ£µ ¸³¥Ï¥´¨Ö ¸µ¸ÉµÖ´¨° ¢ ¶¥·¢µ° ¨ ¢Éµ·µ° Ö³ Ì ¤ ² §´ Î¥´¨¥
¢¥·µÖÉ´µ¸É¨ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö, ¸µ¢¶ ¢Ï¥¥ ¸ ¶µ²ÊÎ¥´´Ò³ Ô±¸¶¥·¨³¥´-
É ²Ó´µ. �ÉµÉ Ë ±É ¶·¨¢µ¤¨É ± ¢Ò¢µ¤Ê µ Éµ³, ÎÉµ ¡ ·Ó¥·Ò EA(S), ¶µ²ÊÎ¥´´Ò¥
¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ³¥Éµ¤  ‘É·ÊÉ¨´¸±µ£µ, ¸µ£² ¸ÊÕÉ¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
§´ Î¥´¨Ö³¨ ¡ ·Ó¥·µ¢ EA ¨ ¤ ´´Ò³¨ µ ¢¥·µÖÉ´µ¸ÉÖÌ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö
(¸³. É ¡². 5).

’ ¡²¨Í  5. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨ · ¸Î¥É´Ò¥ §´ Î¥´¨Ö ¡ ·Ó¥·µ¢ ¤¥²¥´¨Ö Ö¤¥· ¨§µ-
Éµ¶µ¢ É· ´¸Ê· ´µ¢ÒÌ Ô²¥³¥´Éµ¢

Ÿ¤·µ EA, ŒÔ‚ (Ô±¸¶.) EA(S), ŒÔ‚ P Ô±¸¶
DF P

É¥µ·
DF

232Pu 4,0Ä4,5 3,5Ä4,3 1, 3+4
−0,8 · 10−2 5 · 10−2

244Cf 5,3 5,1Ä5,6 5 · 10−4 4 · 10−4

248Fm 5,7 5,3Ä5,9 3 · 10−3 2 · 10−3

248Cf > 5, 8 5,4Ä5,9 < 10−7 2 · 10−7

240Cm 4,7 4,9Ä5,5 10−5 9 · 10−7

ˆ§µ¸¨³µ¢Ò³ ¢ · ¡µÉ¥ [46] ¶·µ¢¥¤¥´  µÍ¥´±  ¶ · ³¥É·µ¢ ¡ ·Ó¥·µ¢ ¤¥²¥´¨Ö
Ö¤¥·, ¸¨´É¥§¨·µ¢ ´´ÒÌ ¢ µ¡² ¸É¨ µ¡µ²µÎ±¨ Z = 82. “ ÔÉ¨Ì ´¥°É·µ´µ¤¥Ë¨Í¨É-
´ÒÌ Ö¤¥· Ô´¥·£¨Ö ¸¢Ö§¨ ´¥°É·µ´  ≥ 11 ŒÔ‚, ¶µÔÉµ³Ê ¨¸¶Ê¸± ´¨¥ ´¥°É·µ´ 
¢ ¶·µÍ¥¸¸¥ · ¸¶ ¤  ÔÉ¨Ì Ö¤¥· ´¥ ¶·µ¨¸Ìµ¤¨É. ’µ ¦¥ µÉ´µ¸¨É¸Ö ¨ ± § ¶ §-
¤Ò¢ ÕÐ¨³ ¶·µÉµ´ ³, § ¤¥·¦¨¢ ¥³Ò³ ±Ê²µ´µ¢¸±¨³ ¡ ·Ó¥·µ³ ¨ ´¥ ¢´µ¸ÖÐ¨³
§ ³¥É´µ£µ ¢±² ¤  ¢ ¶µ²´ÊÕ Ï¨·¨´Ê · ¸¶ ¤ . �¸´µ¢´µ° ± ´ ² ¢µ§¡Ê¦¤¥´´µ£µ
¤µÎ¥·´¥£µ Ö¤· , ±µ´±Ê·¨·ÊÕÐ¨° ¸ § ¶ §¤Ò¢ ÕÐ¨³ ¤¥²¥´¨¥³, Å γ-· ¸¶ ¤.
„¥²¨É¥²Ó´ Ö Ï¨·¨´  · ¸¸Î¨ÉÒ¢ ² ¸Ó ¸ ÊÎ¥Éµ³ · §²¨Î´ÒÌ ¶·¥¤¶µ²µ¦¥´¨° µ
¸¨³³¥É·¨¨ ¤¥Ëµ·³ Í¨¨ Ö¤¥· ¢ ¸¥¤²µ¢ÒÌ ÉµÎ± Ì. ‘Î¨É ²µ¸Ó, ÎÉµ · §²¨Î¨¥ ¢µ
¢Ìµ¤´ÒÌ ± ´ ² Ì ¸² ¡µ µÉ· ¦ ¥É¸Ö ´  ¢¥·µÖÉ´µ¸É¨ ¤¥²¥´¨Ö.
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�¥§Ê²ÓÉ ÉÒ · ¸Î¥É  PDF ¶·¨¢¥¤¥´Ò ¢ É ¡². 3. „²Ö Ö¤·  180Hg ¨§³¥´¥-
´¨¥ ¢Ò¸µÉÒ ¡ ·Ó¥·  ´  ∼ 1 ŒÔ‚ ¢²¥Î¥É §  ¸µ¡µ° ¨§³¥´¥´¨¥ ¢¥·µÖÉ´µ¸É¨
§ ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö ´  É·¨ ¶µ·Ö¤±  [45]. �µÔÉµ³Ê ¨§ ¸· ¢´¥´¨Ö · ¸-
¸Î¨É ´´ÒÌ ¨ ¨§³¥·¥´´ÒÌ §´ Î¥´¨° PβDF ¢Ò¸µÉ  ¡ ·Ó¥·  ¸Éµ²Ó Ô±§µÉ¨Î¥¸±µ£µ
Ö¤· , ± ± 180Hg, µ¶·¥¤¥²Ö¥É¸Ö ¸ ÉµÎ´µ¸ÉÓÕ ∼ 1 ŒÔ‚. …¸²¨ § ¤ ÉÓ ¶ · ³¥É·
hω = 1 ŒÔ‚, Éµ ¢Ò¸µÉ  ¡ ·Ó¥·  ¤¥²¥´¨Ö 180Hg ¸µ¸É ¢¨É ∼ 11 ŒÔ‚. „²Ö
¨§µÉµ¶  174Pt ¢¥²¨Î¨´  PDF ∼ 10−6 ¨ ¢Ò¸µÉ  ¡ ·Ó¥·  · ¢´  10 ŒÔ‚.

‚ µ¡Ð¥³ ¸²ÊÎ ¥ ±µ··¥±É´Ò°  ´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¢µ§³µ-
¦¥´, ¥¸²¨ ¨§¢¥¸É´  ¸É·Ê±ÉÊ·  ¸¨²µ¢µ° ËÊ´±Í¨¨ β-¶¥·¥Ìµ¤µ¢. „²Ö ´¥±µÉµ·ÒÌ
´Ê±²¨¤µ¢, ´ ¶·¨³¥· ¤²Ö 188Pb, 190Pb, ¡¥§ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ¨§³¥·¥´¨Ö Sβ
µÍ¥´±  ¢¥²¨Î¨´ Bf § É·Ê¤´¥´ . ˆ ¢¸¥ ¦¥ ¤²Ö ³´µ£¨Ì Ö¤¥· ´¥µ¶·¥¤¥²¥´´µ¸É¨,
µ¡Ê¸²µ¢²¥´´Ò¥ · ¸Î¥É´Ò³¨ §´ Î¥´¨Ö³¨ Sβ ¨ Ï¨·¨´ Γf ¨ Γγ , µ£· ´¨Î¨¢ ÕÉ
ÉµÎ´µ¸ÉÓ µ¶·¥¤¥²¥´¨Ö ¢Ò¸µÉÒ ¡ ·Ó¥·  §´ Î¥´¨¥³ ∼ 1 ŒÔ‚.

’ ±¨³ µ¡· §µ³, ¸É ´µ¢¨É¸Ö ¤µ¸ÉÊ¶´µ° ¨´Ëµ·³ Í¨Ö µ ¡ ·Ó¥· Ì ¤¥²¥´¨Ö
Ö¤¥·, Ê¤ ²¥´´ÒÌ ´  ¤¢  ¤¥¸ÖÉ±  ´Ê±²µ´µ¢ µÉ ²¨´¨¨ β-¸É ¡¨²Ó´µ¸É¨, ± ±, ´ -
¶·¨³¥·, ¤²Ö 208Ac ¨ 180Hg.

2.12. ‚²¨Ö´¨¥ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö ´  ¸¨´É¥§ ÉÖ¦¥²ÒÌ Ô²¥³¥´Éµ¢
¢ É¥·³µÖ¤¥·´ÒÌ ¨³¶Ê²Ó¸´ÒÌ ´¥°É·µ´´ÒÌ ¶µÉµ± Ì. „²¨É¥²Ó´µ¸ÉÓ ´¥°É·µ´-
´µ£µ ¨³¶Ê²Ó¸  ¶µ¤§¥³´µ£µ É¥·³µÖ¤¥·´µ£µ ¢§·Ò¢  Å ¶µ·Ö¤±  10−6 ¸. ‡  ÔÉµ
¢·¥³Ö ¶·µ¨¸Ìµ¤¨É ³´µ£µ±· É´Ò° § Ì¢ É ´¥°É·µ´µ¢ Ö¤· ³¨ ³¨Ï¥´¨. �µ²´µ¥
¢·¥³Ö § Ì¢ É  ´¥°É·µ´µ¢ ³´µ£µ ³¥´ÓÏ¥ ¶¥·¨µ¤µ¢ β-· ¸¶ ¤  ¢¸¥Ì ¸¨´É¥§¨·µ-
¢ ´´ÒÌ ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ Ö¤¥·. �µÔÉµ³Ê ¶·µÍ¥¸¸ Ö¤¥·´ÒÌ ¶·¥¢· Ð¥´¨° ¢
É ±µ³ ¨³¶Ê²Ó¸´µ³ ¶µÉµ±¥ ¸µ¸Éµ¨É ¨§ ¤¢ÊÌ ÔÉ ¶µ¢: 1) ¸¨´É¥§ ¢ ´¥°É·µ´´µ³ ¶µ-
Éµ±¥ ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ Ö¤¥· ¸ · §²¨Î´Ò³¨ ³ ¸¸µ¢Ò³¨ Î¨¸² ³¨ A ¨  Éµ³-
´Ò³ ´µ³¥·µ³ Z, · ¢´Ò³  Éµ³´µ³Ê ´µ³¥·Ê ³¨Ï¥´¨; 2) µ¡· §µ¢ ´¨¥ ÉÖ¦¥²ÒÌ
β-¸É ¡¨²Ó´ÒÌ Ô²¥³¥´Éµ¢ ¨ µ¸±µ²±µ¢ ¤¥²¥´¨Ö ¢ ·¥§Ê²ÓÉ É¥ c¶µ´É ´´µ£µ ¤¥²¥-
´¨Ö ¨ § ¶ §¤Ò¢ ÕÐ¨Ì ¶·µÍ¥¸¸µ¢, ¸µ¶ÊÉ¸É¢ÊÕÐ¨Ì β-¶·¥¢· Ð¥´¨Ö³. ‘²¥¤Ê¥É
µÉ³¥É¨ÉÓ ·Ö¤ Ô±¸¶¥·¨³¥´Éµ¢ ¸ ¢Ò¸µ±¨³¨ Ë²Õ¥´¸ ³¨ ´¥°É·µ´´ÒÌ ¶µÉµ±µ¢. ‚
É¥·³µÖ¤¥·´µ³ ¢§·Ò¢¥ ®Œ °±¯ Ë²Õ¥´¸ ¸µ¸É ¢²Ö² µ±µ²µ 2, 0 · 1024 ´¥°É·./¸³2.
�·¨³¥·´µ É ±µ¥ ¦¥ §´ Î¥´¨¥ ¡Ò²µ ¤µ¸É¨£´ÊÉµ ¢ 1962 £. ¢ Ô±¸¶¥·¨³¥´É¥ ®�´ -
±µ¸É¨Ö¯. ‚ Ô±¸¶¥·¨³¥´É Ì ®� ·¯ ¨ ®� ·¡¥²¯ ¢ 1964 £. ¨ ®–¨±² ³¥´¯ ¢
1966 £. Ë²Õ¥´¸ ¤µ¸É¨£ ² 4, 5 ·1024 ¨ 1, 2 ·1025 ´¥°É·./¸³2 ¸µµÉ¢¥É¸É¢¥´´µ [47].
‚ Ô±¸¶¥·¨³¥´É¥ HUTCH ¢ 1969 £. ¶µ²ÊÎ¥´ Ë²Õ¥´¸ 4, 5 · 1025 ´¥°É·./¸³2 [48].

‚ ´¥°É·µ´´ÒÌ ¶µÉµ± Ì É¥·³µÖ¤¥·´ÒÌ ¢§·Ò¢µ¢ µ¡²ÊÎ ²¨¸Ó Ê· ´µ¢Ò¥ ¨ Éµ-
·¨¥¢Ò¥ ³¨Ï¥´¨. ‚ Ô±¸¶¥·¨³¥´É¥ ®–¨±² ³¥´¯ ³¨Ï¥´Ó ¸µ¤¥·¦ ²  ´¥±µÉµ·µ¥
±µ²¨Î¥¸É¢µ 243Am. ‚ ³µ³¥´É ¶·¥±· Ð¥´¨Ö ¨³¶Ê²Ó¸´µ£µ ´¥°É·µ´´µ£µ µ¡²Ê-
Î¥´¨Ö Ê· ´µ¢µ° ³¨Ï¥´¨ µ¡· §ÊÕÉ¸Ö ¨§µÉµ¶Ò Ê· ´  ¢¶²µÉÓ ¤µ (238+m)U, £¤¥
m Å ³ ±¸¨³ ²Ó´µ¥ Î¨¸²µ ´¥°É·µ´µ¢, ¶µ¸²¥¤µ¢ É¥²Ó´µ § Ì¢ Î¥´´ÒÌ ¨¸Ìµ¤-
´Ò³¨ Ö¤· ³¨ ³¨Ï¥´¨; m = 17÷ 19.

‚ Í¥¶ÖÌ β-¶·¥¢· Ð¥´¨° ¸ÊÐ¥¸É¢¥´´ÊÕ ·µ²Ó ¨£· ÕÉ ¤¢  § ¶ §¤Ò¢ ÕÐ¨Ì
¶·µÍ¥¸¸  Å ¤¥²¥´¨¥ ¨ § ¶ §¤Ò¢ ÕÐ¨¥ ´¥°É·µ´Ò. ‡ ¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥´¨¥
¶·¥¢· Ð ¥É ÉÖ¦¥²Ò¥ Ö¤·  ¢ µ¸±µ²±¨, ¢ Éµ ¢·¥³Ö ± ± Ô³¨¸¸¨Ö § ¶ §¤Ò¢ ÕÐ¨Ì
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´¥°É·µ´µ¢ Éµ²Ó±µ Ê³¥´ÓÏ ¥É ³ ¸¸Ê ´  ´¥¸±µ²Ó±µ ¥¤¨´¨Í ¨ ¸µÌ· ´Ö¥É ÉÖ¦¥-
²Ò° ´Ê±²¨¤. ‚¥·µÖÉ´µ¸ÉÓ ¤¥²¥´¨Ö ¤µÎ¥·´¥£µ Ö¤·  (Z + 1, A) ¶µ¸²¥ β-· ¸¶ ¤ 
³ É¥·¨´¸±µ£µ (Z,A) ¸²µ¦´Ò³ µ¡· §µ³ § ¢¨¸¨É µÉ ¨Ì Ö¤¥·´ÒÌ Ì · ±É¥·¨¸É¨±.

‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¢ Í¥¶¨ · ¸¶ ¤  ¶·µ¤Ê±Éµ¢, µ¡· §µ¢ ¢Ï¨Ì¸Ö ¢ ¨³-
¶Ê²Ó¸´ÒÌ ´¥°É·µ´´ÒÌ ¶µÉµ± Ì, Ô´¥·£¨Ö · ¸¶ ¤  Qβ ¤µ¸É¨£ ¥É É ±¨Ì §´ Î¥´¨°,
ÎÉµ Ô´¥·£¨Ö ¢µ§¡Ê¦¤¥´¨Ö ¤µÎ¥·´¥£µ Ö¤·  E∗ µ± §Ò¢ ¥É¸Ö ¤µ¸É ÉµÎ´µ° ¤²Ö ¨¸-
¶Ê¸± ´¨Ö ´¥¸±µ²Ó±¨Ì ´¥°É·µ´µ¢. �¤´ ±µ É ±¨¥ ¶·µÍ¥¸¸Ò ¶·¨ ·¥ ²Ó´ÒÌ Ë²Õ-
¥´¸ Ì ´¥°É·µ´µ¢ ¢ É¥·³µÖ¤¥·´ÒÌ ¢§·Ò¢ Ì ´¥ ¨£· ÕÉ § ³¥É´µ° ·µ²¨. �¶·¥-
¤¥²ÖÕÐ¨¥ ¶·µÍ¥¸¸ β-· ¸¶ ¤  ¢¥²¨Î¨´Ò Qβ · ¸¸Î¨ÉÒ¢ ÕÉ¸Ö ¸ ¨¸¶µ²Ó§µ¢ -
´¨¥³ · §²¨Î´ÒÌ ³ ¸¸µ¢ÒÌ Ëµ·³Ê², ¶µ¤Ìµ¤ÖÐ¨Ì ¤²Ö ¸¶¥Í¨Ë¨Î¥¸±¨Ì  Éµ³´ÒÌ
Ö¤¥· ¸ ¡µ²ÓÏ¨³ ¨§¡ÒÉ±µ³ ´¥°É·µ´µ¢. “¤µ¢²¥É¢µ·¨É¥²Ó´µ° ¤²Ö · ¸¸³ É·¨-
¢ ¥³µ° § ¤ Î¨ ¸Î¨É ¥É¸Ö ³ ¸¸µ¢ Ö Ëµ·³Ê² , ±µ£¤  ³ ¸¸  ¤¥Ëµ·³¨·µ¢ ´´µ£µ
Ö¤·  Å ËÊ´±Í¨Ö ´¥ Éµ²Ó±µ Z ¨ A, ´µ ¨ ¶ · ³¥É·  ¤¥Ëµ·³ Í¨¨, µ¶·¥¤¥-
²Ö¥³µ£µ Ô±¸É· ¶µ²ÖÍ¨¥° ´  µ¡² ¸ÉÓ ÉÖ¦¥²ÒÌ ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ Ö¤¥· ¸Ê-
Ð¥¸É¢ÊÕÐ¨Ì ¤ ´´ÒÌ. �·¨ ÔÉµ³ ¶·¨´¨³ ÕÉ ¢µ ¢´¨³ ´¨¥ ¢²¨Ö´¨¥ Ö¤¥·´ÒÌ
µ¡µ²µÎ¥± c Z = 114 ¨ N = 184.

� ·Ó¥·Ò ¤¥²¥´¨Ö Ö¤¥· Å ¶·µ¤Ê±Éµ¢ ³´µ£µ±· É´µ£µ § Ì¢ É  ´¥°É·µ´µ¢ ÉÖ-
¦¥²µ° ³¨Ï¥´ÓÕ Å · ¸¸Î¨ÉÒ¢ ÕÉ¸Ö ³ ±·µ-³¨±·µ¸±µ¶¨Î¥¸±¨³ ³¥Éµ¤µ³ ‘É·Ê-
É¨´¸±µ£µ. � · ³¥É·Ò ¡ ·Ó¥·µ¢ Î¥É´µ-Î¥É´ÒÌ Ö¤¥·, ±µÉµ·Ò¥ ¢Ìµ¤ÖÉ ¢ Í¥¶Ó
¶·¥¢· Ð¥´¨°, ¨§¢¥¸É´Ò [49]. � ·Ó¥·Ò ¤¥²¥´¨Ö ´¥Î¥É´µ-´¥Î¥É´ÒÌ ¨ Î¥É´µ-
´¥Î¥É´ÒÌ Ö¤¥· µ¶·¥¤¥²ÖÕÉ¸Ö ¶ÊÉ¥³ ¨´É¥·¶µ²ÖÍ¨¨ ¢Ò¸µÉ ¡ ·Ó¥·µ¢ Î¥É´µ-Î¥É-
´ÒÌ Ö¤¥· (Ê¢¥²¨Î¥´¨¥ ¢Ò¸µÉÒ ¡ ·Ó¥·  ´  0,70 ŒÔ‚ ¤²Ö Î¥É´µ-´¥Î¥É´ÒÌ Ö¤¥·
¨ ´  0,80Ä1 ŒÔ‚ ¤²Ö ´¥Î¥É´µ-´¥Î¥É´ÒÌ).

…¸²¨ Ô´¥·£¨Ö β-· ¸¶ ¤  ³¥´ÓÏ¥ ¶µ²´µ° Ô´¥·£¨¨ Qβ, Éµ ¸¨²µ¢ Ö ËÊ´±Í¨Ö
Sβ µ¶·¥¤¥²Ö¥É ¥£µ µ¸´µ¢´Ò¥ Ì · ±É¥·¨¸É¨±¨. ‚ ¶¥·¢µ³ ¶·¨¡²¨¦¥´¨¨ ¸¨²µ¢ÊÕ
ËÊ´±Í¨Õ ´¥°É·µ´µ¨§¡ÒÉµÎ´µ£µ Ö¤·  ¸Î¨É ÕÉ ¶·µ¶µ·Í¨µ´ ²Ó´µ° ¶²µÉ´µ¸É¨
Ê·µ¢´¥° ¤µÎ¥·´¥£µ Ö¤·  [11].

�  µ¸´µ¢¥ ³µ¤¥²¨ Ë¥·³¨-£ §  ¶²µÉ´µ¸ÉÓ ¸É·Ê±ÉÊ·Ò Ê·µ¢´¥° ¤µÎ¥·´¥£µ
Ö¤·  ¢Ò· ¦ ¥É¸Ö Ëµ·³Ê²µ°:

ρ(E) = C/U2 exp 2
√

(aU), (14)

£¤¥ a = 0, 125A; U = E−∆; ∆ = 0, 12A−1/2, 24A−1/2 ¤²Ö ´¥Î¥É´µ-´¥Î¥É´ÒÌ,
Î¥É´µ-´¥Î¥É´ÒÌ ¨ Î¥É´µ-Î¥É´ÒÌ Ö¤¥· ¸µµÉ¢¥É¸É¢¥´´µ.

‚ µ¡² ¸É¨ A < 248 Ê ¢¸¥Ì β- ±É¨¢´ÒÌ Ö¤¥· Qβ < Bf , ¥¸²¨ Z ≥ 92,
¨, ¸²¥¤µ¢ É¥²Ó´µ, § ¶ §¤Ò¢ ÕÐ¨¥ ¶·µÍ¥¸¸Ò ¶· ±É¨Î¥¸±¨ ´¥ ¸± §Ò¢ ÕÉ¸Ö ´ 
¢ÒÌµ¤¥ ¨ ¨§µÉµ¶´µ³ ¸µ¸É ¢¥ Ô²¥³¥´Éµ¢, ¸¨´É¥§¨·Ê¥³ÒÌ ¢ ¨³¶Ê²Ó¸´ÒÌ ´¥°-
É·µ´´ÒÌ ¶µÉµ± Ì. �µ²µ¦¥´¨¥ ³¥´Ö¥É¸Ö, ±µ£¤  A ≥ 250. ‚ ÔÉµ° µ¡² ¸É¨ ¤²Ö
Ö¤¥·, ²¥¦ Ð¨Ì ¢ Ê¤ ²¥´¨¨ ´  ´¥¸±µ²Ó±µ ´¥°É·µ´µ¢ µÉ ²¨´¨¨ β-¸É ¡¨²Ó´µ¸É¨,
Qβ Ê¤µ¢²¥É¢µ·Ö¥É Ê¸²µ¢¨Õ Qβ > Bf , Qβ > Bn, ¢ ·¥§Ê²ÓÉ É¥ ¢¥·µÖÉ´µ¸É¨
¨¸¶Ê¸± ´¨Ö § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·µ´µ¢ ¨ ¶·µÍ¥¸¸  § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö
¤µ¸É ÉµÎ´µ ¢¥²¨±¨ ¨ µÉ ´¨Ì § ¢¨¸¨É ¢ÒÌµ¤ Ö¤¥· ¸ A > 250.
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� ¨¡µ²ÓÏ¨¥ ¶µÉ¥·¨ ´  § ¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥´¨¥ ¶·¨Ìµ¤ÖÉ¸Ö ´  Ö¤·  ¸
Î¥É´Ò³ ³ ¸¸µ¢Ò³ Î¨¸²µ³ A. �Éµ µ¡ÑÖ¸´Ö¥É¸Ö É¥³, ÎÉµ ¢ ÔÉµÉ ±² ¸¸ Ö¤¥·
¢Ìµ¤ÖÉ ´¥Î¥É´µ-´¥Î¥É´Ò¥ Ö¤· , ¢¥·µÖÉ´µ¸ÉÓ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö ±µÉµ·ÒÌ
¶·µÖ¢²Ö¥É¸Ö §´ Î¨É¥²Ó´µ · ´ÓÏ¥, Î¥³ Ê ¸µ¸¥¤´¨Ì.

‘ ÉµÎ±¨ §·¥´¨Ö ¨¸¸²¥¤µ¢ É¥²Ö § ¶ §¤Ò¢ ÕÐ¨Ì ¶·µÍ¥¸¸µ¢ ¶·¥¤¸É ¢²Ö¥É
µ¸µ¡Ò° ¨´É¥·¥¸ µ¡Ð Ö µ¸µ¡¥´´µ¸ÉÓ ³ ¸¸µ¢µ£µ · ¸¶·¥¤¥²¥´¨Ö ¶·µ¤Ê±Éµ¢, ¸¨´-
É¥§¨·Ê¥³ÒÌ ¢ ¨³¶Ê²Ó¸´µ³ ´¥°É·µ´´µ³ ¶µÉµ±¥ É¥·³µÖ¤¥·´µ£µ ¢§·Ò¢ , É ± ´ -
§Ò¢ ¥³µ¥ ®µ¡· Ð¥´¨¥¯ Î¥É´µ-´¥Î¥É´µ£µ ÔËË¥±É . ‘ÊÉÓ ÔÉµ£µ ÔËË¥±É  ¸µ-
¸Éµ¨É ¢ ¸²¥¤ÊÕÐ¥³. …¸²¨ ¶µ¸É·µ¨ÉÓ ±·¨¢Ò¥ ¢ÒÌµ¤  Ö¤¥· ¸ Î¥É´Ò³ ¨ ´¥Î¥É´Ò³
A, Éµ ¶¥·¢ Ö ±·¨¢ Ö ¸ Î¥É´Ò³¨ A ¢´ Î ²¥ ¶µ°¤¥É ¢ÒÏ¥ ±·¨¢µ° ¸ ´¥Î¥É´Ò³¨
A. ‡ É¥³, ¸ ·µ¸Éµ³ ¢¥²¨Î¨´Ò A, ±·¨¢ Ö ¢ÒÌµ¤  ´Ê±²¨¤µ¢ ¸ ´¥Î¥É´Ò³¨ A
´ Î¨´ ¥É ¨¤É¨ ¢ÒÏ¥ ±·¨¢µ° ¸ Î¥É´Ò³¨ A Å ÔÉµ ÔËË¥±É ®µ¡· Ð¥´¨Ö¯.

„¥² ²¨¸Ó · §²¨Î´Ò¥ ¶·¥¤¶µ²µ¦¥´¨Ö, ÎÉµ¡Ò µ¡ÑÖ¸´¨ÉÓ Ö¢²¥´¨¥, ´µ ¡¥§-
Ê¸¶¥Ï´µ (c³., ´ ¶·¨³¥·, [50]). …¸²¨ ¶·¨´ÖÉÓ ¢µ ¢´¨³ ´¨¥ ¢²¨Ö´¨¥ § ¶ §¤Ò-
¢ ÕÐ¥£µ ¤¥²¥´¨Ö ´  ¶·µÍ¥¸¸ ´Ê±²¥µ¸¨´É¥§ , Éµ ¥¸É¥¸É¢¥´´Ò³ µ¡· §µ³ µ¡ÑÖ¸-
´Ö¥É¸Ö µ¡· Ð¥´¨¥ Î¥É´µ-´¥Î¥É´µ£µ ÔËË¥±É  ¨ ¥£µ µ¸µ¡¥´´µ¸É¨.

Š ± Ê¦¥ Ê¶µ³¨´ ²µ¸Ó, ¥¸²¨ ³ ¸¸µ¢µ¥ Î¨¸²µ ´¥°É·µ´µ¨§¡ÒÉµÎ´µ£µ Ö¤· 
A < 250, Ô´¥·£¨Ö ¢µ§¡Ê¦¤¥´¨Ö ¤µÎ¥·´¥£µ Ö¤·  ³¥´ÓÏ¥ ¢Ò¸µÉÒ ¡ ·Ó¥·  ¤¥²¥-
´¨Ö ¨ Ô´¥·£¨¨ ¸¢Ö§¨ ´¥°É·µ´  Bn. �µÔÉµ³Ê §¤¥¸Ó § ¶ §¤Ò¢ ÕÐ¨¥ ¶·µÍ¥¸¸Ò
¨²¨ § ¶·¥Ð¥´Ò, ¨²¨ ¶·µÉ¥± ÕÉ ¸ ¢¥¸Ó³  ³ ²µ° ¢¥·µÖÉ´µ¸ÉÓÕ. ‘¥Î¥´¨Ö § -
Ì¢ É  ´¥°É·µ´µ¢ Ê Î¥É´ÒÌ ¨§µÉµ¶µ¢ Ê· ´  ³¥´ÓÏ¥, Î¥³ Ê ´¥Î¥É´ÒÌ, ¶µÔÉµ³Ê
¢ÒÌµ¤ Î¥É´µ-Î¥É´ÒÌ ¨§µÉµ¶µ¢ ¢ µ¡² ¸É¨ A < 250 ¤µ²¦¥´ ¡ÒÉÓ ¡µ²ÓÏ¥.
�Éµ ¸²¥¤Ê¥É ¨§ Éµ£µ, ÎÉµ ¤²Ö ¤¢ÊÌ ¸µ¸¥¤´¨Ì Ö¤¥· ¢ Í¥¶¨ ¨§µÉµ¶µ¢
Ê· ´ , § Ì¢ ÉÒ¢ ÕÐ¨Ì ´¥°É·µ´Ò, ¸¶· ¢¥¤²¨¢µ ¸µµÉ´µÏ¥´¨¥ N1/N2 ≈ σ2/σ1,
£¤¥ N1 Å Î¨¸²µ Ö¤¥· ¸ ¸¥Î¥´¨¥³ § Ì¢ É  σ1; N2 Å Î¨¸²µ Ö¤¥· ¸ ¸¥Î¥´¨¥³
§ Ì¢ É  σ2.

Šµ£¤  § ¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥´¨¥ ¶·µÉ¥± ¥É ¸ ¢Ò¸µ±µ° ¢¥·µÖÉ´µ¸ÉÓÕ, ¶µ-
É¥·¨ ¢ Í¥¶ÖÌ ¶·¥¢· Ð¥´¨° ÉÖ¦¥²ÒÌ Ö¤¥· ¸ Î¥É´Ò³ A ¶·µÖ¢²ÖÕÉ¸Ö §´ Î¨-
É¥²Ó´µ · ´ÓÏ¥, Î¥³ Ö¤¥· ¸ ´¥Î¥É´Ò³ A, É ± ± ± ¨³¥´´µ ± Ö¤· ³ ¸ Î¥É´Ò³
A ¶·¨´ ¤²¥¦ É ´¥Î¥É´µ-´¥Î¥É´Ò¥ Ö¤· , Ê ±µÉµ·ÒÌ ¶·¨ ³¥´ÓÏ¥³ Ê¤ ²¥´¨¨ µÉ
²¨´¨¨ β-¸É ¡¨²Ó´µ¸É¨ ¢Ò¶µ²´ÖÕÉ¸Ö Ê¸²µ¢¨Ö, ±µ£¤  § ¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥´¨¥
¶·µÉ¥± ¥É ¸ ¡µ²ÓÏµ° ¢¥·µÖÉ´µ¸ÉÓÕ: Qβ > Bf .

� ¸Î¥É ¢ÒÌµ¤  ¨§µÉµ¶µ¢ ¢ÒÖ¢²Ö¥É ¸¢Ö§Ó ÔËË¥±É  µ¡· Ð¥´¨Ö ¸ ´ Î ²Ó´Ò³
µÉ´µÏ¥´¨¥³ ±µ´Í¥´É· Í¨° Î¥É´ÒÌ ¨ ´¥Î¥É´ÒÌ ¨§µÉµ¶µ¢ Ê· ´ ,   É ±¦¥ ¸
Ë²Õ¥´¸µ³ ´¥°É·µ´µ¢ nvt. ‚ Ô±¸¶¥·¨³¥´É¥ HUTCH ®´¥Î¥É´µ-Î¥É´µ¥ µ¡· Ð¥-
´¨¥¯ ´ ¡²Õ¤ ²¨, ´ Î¨´ Ö ¸µ §´ Î¥´¨° A = 255,   ¢ Ô±¸¶¥·¨³¥´É¥ ®� ·¯ ÔË-
Ë¥±É ¸¤¢¨£ ²¸Ö ¢²¥¢µ ± A = 252. ’ ±¨³ µ¡· §µ³, ¶·¨ ¨§³¥´¥´¨¨ Ë²Õ¥´¸ 
µÉ 7 · 1024 (®� ·¯) ¤µ 4, 5 · 1025 (HUTCH) ÔËË¥±É µ¡· Ð¥´¨Ö ¸³¥Ð ¥É¸Ö ´ 
É·¨-Î¥ÉÒ·¥ ¥¤¨´¨ÍÒ ± ¡µ²ÓÏ¨³ A.

…¸²¨ ¢±²ÕÎ¨ÉÓ § ¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥´¨¥ ¢  ´ ²¨§ ¶·µÍ¥¸¸  ¶·¥¢· Ð¥´¨°
Í¥¶¨ ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ Ö¤¥·, ¸¨´É¥§¨·µ¢ ´´ÒÌ ¢ ¨³¶Ê²Ó¸´µ³ ´¥°É·µ´´µ³
¶µÉµ±¥ É¥·³µÖ¤¥·´µ£µ ¢§·Ò¢ , Éµ ¶·µ¸É Ö ³µ¤¥²Ó ´¥ Éµ²Ó±µ ¶·¥¤¸± §Ò¢ ¥É



1556 Š“‡�…–�‚ B.ˆ., ‘Š��…‹…‚ �.Š.

¶µÖ¢²¥´¨¥ ÔËË¥±É , ´µ ¨ ± Î¥¸É¢¥´´µ µ¡ÑÖ¸´Ö¥É ¥£µ ¸³¥Ð¥´¨¥ ¢ § ¢¨¸¨³µ¸É¨
µÉ Ë²Õ¥´¸ .

—Éµ¡Ò ¶µ²ÊÎ¨ÉÓ ±µ²¨Î¥¸É¢¥´´ÊÕ ± ·É¨´Ê ¢ÒÌµ¤  ¨§µÉµ¶µ¢ ¶·¨ µ¡²ÊÎ¥-
´¨¨ · §²¨Î´ÒÌ ³¨Ï¥´¥° ¨³¶Ê²Ó¸´Ò³¨ ¶µÉµ± ³¨ ´¥°É·µ´µ¢, ±µ£¤  ¢·¥³Ö µ¡-
²ÊÎ¥´¨Ö T0 << Tβ , £¤¥ Tβ Å ´ ¨¡µ²¥¥ ±µ·µÉ±¨° ¶¥·¨µ¤ β-· ¸¶ ¤  ¢ Í¥¶¨
¶·¥¢· Ð¥´¨° ÉÖ¦¥²ÒÌ ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ Ö¤¥·, ´¥µ¡Ìµ¤¨³µ · §· ¡µÉ ÉÓ
¡µ²¥¥ ¸É·µ£¨¥ É¥µ·¥É¨Î¥¸±¨¥ ³µ¤¥²¨ · ¸Î¥É .

2.13. •·µ´µ³¥É·¨Î¥¸±¨¥ ¶ ·Ò ¨ § ¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥´¨¥. �¸É·µ´µ³Ò
´ ¡²Õ¤ ÕÉ É¥´¤¥´Í¨Õ Ê¤ ²¥´¨Ö ¢´¥£ ² ±É¨Î¥¸±¨Ì ÉÊ³ ´´µ¸É¥° µÉ ´ Ï¥° ƒ -
² ±É¨±¨. ‘±µ·µ¸ÉÓ Ê¤ ²¥´¨Ö v [±³/¸] ¶·µ¶µ·Í¨µ´ ²Ó´  · ¸¸ÉµÖ´¨Õ R ¤µ
ƒ ² ±É¨±¨: v = HR, £¤¥ H Å ¶µ¸ÉµÖ´´ Ö • ¡¡² , ²¥¦ Ð Ö ¢ ¨´É¥·¢ ²¥
50 ÷ 100 (±³/c)/Œ¶±; ¢µ§· ¸É ‚¸¥²¥´´µ° TU µÍ¥´¨¢ ÕÉ ± ± 1/H (¢Ò· ¦¥-
´¨¥ ¸¶· ¢¥¤²¨¢µ, ±µ£¤  v << c). …¸²¨ ¶·¨´ÖÉÓ H = 75 (±³/c)/Œ¶±, Éµ
TU = 13 · 109 ²¥É.

�²ÓÉ¥·´ É¨¢   ¸É·µ´µ³¨Î¥¸±µ³Ê ³¥Éµ¤Ê µ¶·¥¤¥²¥´¨Ö ¢µ§· ¸É  ‚¸¥²¥´-
´µ° Å Ö¤¥·´Ò° ³¥Éµ¤. �´ ¸¢µ¤¨É¸Ö ± · ¸Î¥ÉÊ ¢·¥³¥´¨, ¶·µÏ¥¤Ï¥£µ ¸ ³µ³¥´É 
µ¡· §µ¢ ´¨Ö Ô²¥³¥´Éµ¢ ‚¸¥²¥´´µ° ¢ ³µÐ´ÒÌ ´¥°É·µ´´ÒÌ ¶µÉµ± Ì r-¶·µÍ¥¸¸ ,
±µÉµ·Ò° ¶·µÉ¥± ¥É, ± ± ¶·¨´ÖÉµ ¸Î¨É ÉÓ, ¶·¨ ¶²µÉ´µ¸ÉÖÌ ´¥°É·µ´µ¢ ∼ 1020÷
÷1030 c³−3 ¨ É¥³¶¥· ÉÊ· Ì∼ (0, 5÷5, 0)·109. ‡ ¶¨¸Ò¢ ÕÉ ¸¨¸É¥³Ê Ê· ¢´¥´¨°
Ö¤¥·´ÒÌ ¶·¥¢· Ð¥´¨° ¢ É¥Î¥´¨¥ ´¥°É·µ´´µ£µ µ¡²ÊÎ¥´¨Ö ¨ ¶µ¸²¥ ¥£µ ¸¶ ¤ .
‚ ±µ´¥Î´µ³ ¨Éµ£¥ Ê¸É ´ ¢²¨¢ ÕÉ ¸¢Ö§Ó ³¥¦¤Ê Ì·µ´µ³¥É·¨Î¥¸±¨³¨ ¶ · ³¨ Å
¨§µÉµ¶ ³¨ ¸ ¶¥·¨µ¤ ³¨ ¶µ²Ê· ¸¶ ¤ , ¸· ¢´¨³Ò³¨ ¸ ¢µ§· ¸Éµ³ ‚¸¥²¥´´µ°:
232Th/238U, 235U/238U, 244Pu/238U ¨ §´ Î¥´¨¥³ TU .

� ¨¡µ²¥¥ µ¡Ï¨·´Ò¥ · ¸Î¥ÉÒ ¶·µ¤µ²¦¨É¥²Ó´µ¸É¨ Ö¤¥·´µ£µ ¸¨´É¥§  Ô²¥-
³¥´Éµ¢ ‚¸¥²¥´´µ° ¨ ¢µ§· ¸É  ƒ ² ±É¨±¨ ¶·¥¤¸É ¢²¥´Ò ¢ · ¡µÉ¥ [51]. ‚ ´¥°
¨¸¶µ²Ó§µ¢ ²¨ Ô±¸¶µ´¥´Í¨ ²Ó´ÊÕ ³µ¤¥²Ó £ ² ±É¨Î¥¸±µ£µ ´Ê±²¥µ¸¨´É¥§ .

�  ¶ÊÉ¨ r-¶·µÍ¥¸¸  ÉÖ¦¥²Ò¥ Ô²¥³¥´ÉÒ ´ ± ¶²¨¢ ÕÉ¸Ö, ¶µ¸²¥¤µ¢ É¥²Ó´µ
§ Ì¢ ÉÒ¢ Ö ´¥°É·µ´Ò, ´ ¸ÒÐ ÕÉ¸Ö ¨³¨, ¨¸¶ÒÉÒ¢ ÕÉ β-· ¸¶ ¤,   § ¶ §¤Ò¢ -
ÕÐ¨¥ ´¥°É·µ´Ò ¨ ¤¥²¥´¨¥ Ö¤¥· Ëµ·³¨·ÊÕÉ ±µ´¥Î´ÊÕ ±·¨¢ÊÕ ¢ÒÌµ¤  ÉÖ¦¥-
²ÒÌ Ô²¥³¥´Éµ¢ ¶·¨ ¶¥·¥Ìµ¤¥ ± ¤µ²¨´¥ β-¸É ¡¨²Ó´µ¸É¨. ‘· ¢´¥´¨¥³ · ¸Î¥É-
´ÒÌ µÉ´µÏ¥´¨° Ì·µ´µ³¥É·¨Î¥¸±¨Ì ¶ ·, ¢ µ¸µ¡¥´´µ¸É¨ ¶ ·Ò 232Th/238U, ¸
µ¶·¥¤¥²¥´´Ò³¨ Ô±¸¶¥·¨³¥´É ²Ó´µ ¨ ¶¥·¥¸Î¨É ´´Ò³¨ ´  ¢·¥³Ö ±µ´¤¥´¸ Í¨¨
‘µ²´¥Î´µ° ¸¨¸É¥³Ò, ¢ ¶·¨´Í¨¶¥, ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¤²¨É¥²Ó´µ¸ÉÓ ¢·¥³¥´¨ ´Ê-
±²¥µ¸¨´É¥§  ¨ ¢µ§· ¸É ƒ ² ±É¨±¨.

�µ ³´¥´¨Õ  ¢Éµ·µ¢ · ¡µÉÒ [51], ¶·¥¤¸± § ´¨Ö ¢µ§· ¸É  ƒ ² ±É¨±¨, ´ 
µ¸´µ¢¥ · ¸¶·µ¸É· ´¥´´µ¸É¨ Ô²¥³¥´Éµ¢, ¸¨¸É¥³ É¨Î¥¸±¨ § ´¨¦ ²¨¸Ó. �´¨
¶·¥¤¸± § ²¨ µ¡² ¸ÉÓ Ö¤¥· ¢ µ±·¥¸É´µ¸É¨ Z = 94, N = 164 ¸ ¢¥·µÖÉ´µ¸ÉÓÕ § -
¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö 100%, ±µÉµ· Ö ¶·¥£· ¦¤ ¥É ¶ÊÉÓ ± µ¡· §µ¢ ´¨Õ ¸¢¥·Ì-
ÉÖ¦¥²ÒÌ Ô²¥³¥´Éµ¢.

ˆ¸¶µ²Ó§ÊÖ Ô±¸¶µ´¥´Í¨ ²Ó´ÊÕ ³µ¤¥²Ó £ ² ±É¨Î¥¸±µ£µ ´Ê±²¥µ¸¨´É¥§ , ¢µ§-
· ¸É ƒ ² ±É¨±¨ ¢ [51] ¶µ²ÊÎ¨²¨ · ¢´Ò³ (20, 8+2

−4) · 109 ²¥É Å ¡µ²ÓÏ¥, Î¥³
´  µ¸´µ¢¥ ¤ ´´ÒÌ µ Ì·µ´µ³¥É·¨Î¥¸±µ° ¶ ·¥ 187Re/187Os. ‚µ§· ¸É ƒ ² ±É¨±¨
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�¨¸. 18. ƒ ² ±É¨Î¥¸±¨° ´Ê±²¥µ¸¨´É¥§. ‚·¥³¥´´Ò¥ ¨´É¥·¢ ²Ò

¸±² ¤Ò¢ ¥É¸Ö ¨§ É·¥Ì ¢¥²¨Î¨´ (¸³. ·¨¸. 18):

TU = (∆ + δ + 4, 6) · 109 ²¥É. (15)

‡¤¥¸Ó ∆ Å ¢·¥³Ö µ¡· §µ¢ ´¨Ö Ô²¥³¥´Éµ¢ ¢ ´¥°É·µ´´µ³ ¶µÉµ±¥ r-¶·µÍ¥¸¸ ,
δ Å ¢·¥³Ö µ¡· §µ¢ ´¨Ö ³¥É¥µ·¨Éµ¢, 4, 6 · 109 ²¥É Å ¢µ§· ¸É ‡¥³²¨.

�¤´ ±µ ¢ · ¡µÉ Ì [52, 53] ¶µ± § ´µ, ÎÉµ ¢ ¨¸¸²¥¤µ¢ ´¨ÖÌ [51] ¢¥·µÖÉ´µ-
¸É¨ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö § ¢ÒÏ¥´Ò, ¨ ¢µ§· ¸É ‚¸¥²¥´´µ° ´¥ ¶·¥¢ÒÏ ¥É
15 · 109 ²¥É. ˆ ¢¸¥ ¦¥ · ¸Î¥ÉÒ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ · §´ÒÌ ³µ¤¥²¥° ¸¨²µ-
¢ÒÌ ËÊ´±Í¨° ¨ ¶·µÎ¨Ì ¶ · ³¥É·µ¢, µ¶·¥¤¥²ÖÕÐ¨Ì ¶·µÉ¥± ´¨¥ ´Ê±²¥µ¸¨´-
É¥§ , ¶µ¤É¢¥·¦¤ ÕÉ: ¢¸¥£¤  ¨³¥¥É¸Ö µ¡² ¸ÉÓ ¸ ¢¥¸Ó³  ¢Ò¸µ±µ° ¢¥·µÖÉ´µ¸ÉÓÕ
§ ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö ÉÖ¦¥²ÒÌ ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ Ö¤¥·, ¢²¨ÖÕÐ Ö ´ 
µ¶·¥¤¥²¥´¨¥ ¢µ§· ¸É  ‚¸¥²¥´´µ°.

‚ · ¡µÉ Ì [54,55]  ¢Éµ·Ò ¶·¨Ìµ¤ÖÉ ± ¢Ò¢µ¤Ê: § ¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥´¨¥
³µ¦¥É Ê³¥´ÓÏ¨ÉÓ ¢ÒÌµ¤ ¸¢¥·ÌÉÖ¦¥²ÒÌ Ô²¥³¥´Éµ¢ c 2,6 ¤µ 190 · § ¢ µ¡² ¸ÉÖÌ
Z = 110 ÷ 112 ¨ A = 291 ÷ 297 ¸µµÉ¢¥É¸É¢¥´´µ ¶·¨ §´ Î¥´¨¨ ±µ´¸É ´ÉÒ
¶µ¢¥·Ì´µ¸É´µ° ¸¨³³¥É·¨¨ ¤²Ö ¦¨¤±µ± ¶¥²Ó´µ° ³µ¤¥²¨ 1,79 ¨ 2,3.

…¸²¨ · ¸¸³µÉ·¥ÉÓ ³¥Éµ¤Ò · ¸Î¥É  µ¡· §µ¢ ´¨Ö Ô²¥³¥´Éµ¢ ¢ ¡Ò¸É·ÒÌ ´¥°-
É·µ´´ÒÌ ¶µÉµ± Ì, Éµ ³µ¦´µ ¶·¨°É¨ ± § ±²ÕÎ¥´¨Õ, ÎÉµ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö
¤ ¦¥ ¢ ¸ ³µ³ ¸µ¢·¥³¥´´µ³ ¶µ¤Ìµ¤¥ ± ·¥Ï¥´¨Õ É¥µ·¥É¨Î¥¸±µ° ¶·µ¡²¥³Ò µ
®Ö¤¥·´µ³¯ ¢µ§· ¸É¥ ‚¸¥²¥´´µ° ¢¸¥ ¶µ²ÊÎ¥´´Ò¥ µÍ¥´±¨ ´¥¤µ¸É ÉµÎ´µ ´ -
¤¥¦´Ò, É ± ± ± ¶µ±  ´¥É ´¥µ¡Ìµ¤¨³ÒÌ ¸¢¥¤¥´¨° µ Ì · ±É¥·¨¸É¨± Ì ÉÖ¦¥²ÒÌ
´¥°É·µ´µµ¡µ£ Ð¥´´ÒÌ Ö¤· Ì. �µ É¥µ·¥É¨Î¥¸±¨³ µÍ¥´± ³ ¢Ò¸µ± Ö ¢¥·µÖÉ-
´µ¸ÉÓ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö ¤µ²¦´  ´ ¡²Õ¤ ÉÓ¸Ö Ê Ö¤¥· ¸ ¨§¡ÒÉ±µ³ ´¥°-
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É·µ´µ¢ ¡µ²¥¥ 10, ¶µ ¸· ¢´¥´¨Õ ¸ ¨§¢¥¸É´Ò³¨ ´Ò´¥ ´¥°É·µ´µ¨§¡ÒÉµÎ´Ò³¨
¨§µÉµ¶ ³¨. Šµ´¥Î´µ, Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ µ ¶µ¤µ¡´ÒÌ Ö¤· Ì ¶µ§¢µ-
²¨²¨ ¡Ò ÊÉµÎ´¨ÉÓ ¢µ§· ¸É ‚¸¥²¥´´µ°. �¤´ ±µ ¶µ±  ´¥É ¶ÊÉ¥° ¸¨´É¥§  É ±¨Ì
Ö¤¥·. ‘¥£µ¤´Ö ´ ¨¡µ²¥¥ ¤µ¸Éµ¢¥·´Ò³ ¢µ§· ¸Éµ³ ‚¸¥²¥´´µ° ¸Î¨É ÕÉ §´ Î¥´¨Ö
¢ ¨´É¥·¢ ²¥ (13÷ 15) · 109 ²¥É.

‡�Š‹�—…�ˆ…

�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨ É¥µ·¥É¨Î¥¸±¨¥ ¨¸¸²¥¤µ¢ ´¨Ö § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥-
´¨Ö ¶·µÏ²¨ ¸²¥¤ÊÕÐ¨¥ µ¸´µ¢´Ò¥ ÔÉ ¶Ò.

• ‘¨´É¥§ É·¥Ì ´¥°É·µ´µ¤¥Ë¨Í¨É´ÒÌ Ö¤¥· ¢ ³¨´ÊÉ´µ³ ¤¨ ¶ §µ´¥ ¶¥·¨µ-
¤µ¢ ¶µ²Ê· ¸¶ ¤  228Np, 232Am, 234Am ´  Ê¸±µ·¥´´ÒÌ ¶ÊÎ± Ì ÉÖ¦¥²ÒÌ
¨µ´µ¢, ¨§³¥·¥´¨Ö ¢·¥³¥´ ¦¨§´¨ ¨ ¶·¥¤¸± § ´¨Ö ¨Ì ³¥Ì ´¨§³  · ¸¶ ¤ 
± ± § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö (1967 £.). ‚ ¤ ²Ó´¥°Ï¥³ ³¨´ÊÉ´Ò¥ § ¶ §-
¤Ò¢ ÕÐ¨¥ ¨§²ÊÎ É¥²¨ 232Am, 234Am ¸É ²¨ ¶µ²¨£µ´µ³ ¤²Ö ¤¥É ²Ó´µ£µ
¨¸¸²¥¤µ¢ ´¨Ö § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö. �µ²ÓÏ¨¥ ¢·¥³¥´  ¨Ì ¦¨§´¨
¤ ²¨ ¢µ§³µ¦´µ¸ÉÓ ¨¸¶µ²Ó§µ¢ ÉÓ ´¥ Éµ²Ó±µ Ö¤¥·´µ-Ë¨§¨Î¥¸±¨¥, ´µ ¨ Ì¨-
³¨Î¥¸±¨¥ ³¥Éµ¤Ò ¨¸¸²¥¤µ¢ ´¨Ö.

• „¥É ²Ó´ Ö ¨´É¥·¶·¥É Í¨Ö · ¸¶ ¤  Ö¤¥·-¶·¥¤Ï¥¸É¢¥´´¨±µ¢ 232Am, 234Am,
¢Ìµ¤ÖÐ¨Ì ¢ ¶·µÍ¥¸¸ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö (1972 £.).

• ‘¨´É¥§ § ¶ §¤Ò¢ ÕÐ¨Ì ¨§²ÊÎ É¥²¥° ´¥°É·µ´µ¤¥Ë¨Í¨É´ÒÌ ¨§µÉµ¶µ¢ ¸
Z > 95 ´  ¶ÊÎ± Ì ÉÖ¦¥²ÒÌ ¨µ´µ¢ µÉ ¡¥·±²¨Ö ¤µ ³¥´¤¥²¥¢¨Ö.

• ˆ§ÊÎ¥´¨¥ β-§ ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ Ö¤¥·, ¶µ²Ê-
Î¥´´ÒÌ ¢ Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ ´  Ê¸±µ·¨É¥²ÖÌ.

• �É±·ÒÉ¨¥ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö Ê²ÓÉ· ´¥°É·µ´µ¤¥Ë¨Í¨É´ÒÌ Ö¤¥· ²¥-
¢¥¥ µ¡µ²µÎ¥± N = 126,   § É¥³ ¢ µ¡² ¸É¨ Ö¤¥· ¸ Z = 82, Ê¤ ²¥´´ÒÌ ´ 
19Ä20 ´¥°É·µ´µ¢ µÉ ²¨´¨¨ β-¸É ¡¨²Ó´µ¸É¨, ¸É ¢Ï¥¥ ¸¨²Ó´Ò³ ¶µ¤É¢¥·-
¦¤¥´¨¥³ ¸¤¥² ´´µ£µ ¶·¥¤¸± § ´¨Ö µ Ì · ±É¥·¥ ³¨´ÊÉ´µ£µ · ¸¶ ¤  Ö¤¥·
232,234Am ¨ 228Np.

• ˆ¸¸²¥¤µ¢ ´¨¥ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö ´¥°É·µ´µ¤¥Ë¨Í¨É´ÒÌ Ö¤¥· ¸
Z > 95.

• ˆ§ÊÎ¥´¨¥ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ Ö¤¥·.

• �±¸¶¥·¨³¥´É ²Ó´µ¥ ¨§³¥·¥´¨¥ µ¸´µ¢´ÒÌ Ì · ±É¥·¨¸É¨± § ¶ §¤Ò¢ ÕÐ¥£µ
¤¥²¥´¨Ö: ¢¥·µÖÉ´µ¸É¨ PDF § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö, ¸¥Î¥´¨° µ¡· §µ¢ -
´¨Ö σEC Ö¤¥·, ¨¸¶ÒÉÒ¢ ÕÐ¨Ì Ô²¥±É·µ´´Ò° § Ì¢ É, ¨ § ¶ §¤Ò¢ ÕÐ¥£µ
¤¥²¥´¨Ö σDF.
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• �·Ö³µ¥ ¤µ± § É¥²Ó¸É¢µ ¸ÊÐ¥¸É¢µ¢ ´¨Ö ´µ¢µ£µ É¨¶  · ¤¨µ ±É¨¢´µ£µ · ¸-
¶ ¤  § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö  Éµ³´ÒÌ Ö¤¥· c ·¥£¨¸É· Í¨¥° ¸µ¢¶ ¤¥´¨°
·¥´É£¥´µ¢¸±µ£µ ¨§²ÊÎ¥´¨Ö ¶²ÊÉµ´¨Ö ¸ µ¸±µ²± ³¨ ¤¥²¥´¨Ö ¤µÎ¥·´¨Ì ¶·µ-
¤Ê±Éµ¢ Ö¤¥· 232Am ¨ 234Am Å 232Pu ¨ 234Pu,   É ±¦¥ ·¥£¨¸É· Í¨Ö
¸µ¢¶ ¤¥´¨° µ¸±µ²±µ¢ ¤¥²¥´¨Ö ¤µÎ¥·´¥£µ ¶·µ¤Ê±É  Å Ö¤·  256Fm ¨§
¨§µ³¥·´µ£µ ¸µ¸ÉµÖ´¨Ö ¸ β-Î ¸É¨Í ³¨ · ¸¶ ¤  256mEs.

• ˆ§ÊÎ¥´¨¥ Ô´¥·£¨¨ ¨ ³ ¸¸µ¢µ£µ · ¸¶·¥¤¥²¥´¨Ö µ¸±µ²±µ¢ § ¶ §¤Ò¢ ÕÐ¥£µ
¤¥²¥´¨Ö Ö¤¥· 232Pu ¨ 234Pu ¶·¨ ¸¨³³¥É·¨Î´µ³ · ¸¶·¥¤¥²¥´¨¨ ¶µ²´µ°
±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¨.

’ ±¨³ µ¡· §µ³, ¸µ¢µ±Ê¶´µ¸ÉÓ Ô±¸¶¥·¨³¥´Éµ¢ ¶µ± § ² , ÎÉµ § ¶ §¤Ò¢ Õ-
Ð¥¥ ¤¥²¥´¨¥ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° µ¡Ð¨° ± ´ ² · ¸¶ ¤  ÉÖ¦¥²ÒÌ Ö¤¥· ¸ ¤µ¸É -
ÉµÎ´µ ¡µ²ÓÏ¨³¨ Qβ.

�µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¨¸¶µ²Ó§µ¢ ´Ò ¢ É¥µ·¥É¨Î¥¸±¨Ì · ¡µÉ Ì ¶µ µ¶·¥-
¤¥²¥´¨Õ ¢Ò¸µÉÒ ¡ ·Ó¥·µ¢ ¤¥²¥´¨Ö Ö¤¥·, Ê¤ ²¥´´ÒÌ ´  §´ Î¨É¥²Ó´µ¥ · ¸¸Éµ-
Ö´¨¥ µÉ ²¨´¨¨ β-¸É ¡¨²Ó´µ¸É¨. �  ¨Ì µ¸´µ¢¥ · §· ¡µÉ ´ ´µ¢Ò° ¶µ¤Ìµ¤ ±
· ¸Î¥ÉÊ ¸¨²µ¢ÒÌ ËÊ´±Í¨° β-· ¸¶ ¤ .

�É±·ÒÉ¨¥ § ¶ §¤Ò¢ ÕÐ¥£µ ¤¥²¥´¨Ö ¸É¨³Ê²¨·µ¢ ²µ · §¢¨É¨¥ ¨¸¸²¥¤µ¢ -
´¨° Ö¤¥·´µ° ±µ¸³µÌ·µ´µ²µ£¨¨,   É ±¦¥ ¶µ§¢µ²¨²µ ¶µ´ÖÉÓ ´¥±µÉµ·Ò¥ ¶·µ-
Í¥¸¸Ò, ¶·µÉ¥± ÕÐ¨¥ ¢ É¥·³µÖ¤¥·´ÒÌ ¢§·Ò¢ Ì.

‘¥£µ¤´Ö £² ¢´ Ö ¶·µ¡²¥³  ¢ ÔÉµ³ ´ ¶· ¢²¥´¨¨ ¨¸¸²¥¤µ¢ ´¨° Å ÔÉµ Ô±¸-
¶¥·¨³¥´É ²Ó´µ¥ ¨ É¥µ·¥É¨Î¥¸±µ¥ ¨§ÊÎ¥´¨¥ ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ Ö¤¥·. �¥
¨¸±²ÕÎ¥´µ, ÎÉµ ¸ · §¢¨É¨¥³ ³¥Éµ¤µ¢ Ê¸±µ·¥´¨Ö · ¤¨µ ±É¨¢´ÒÌ Ö¤¥· Ê¤ ¸É¸Ö
¶·µ¤¢¨´ÊÉÓ¸Ö ¢ µ¡² ¸ÉÓ Ö¤¥·, Ê¤ ²¥´´ÒÌ µÉ ²¨´¨¨ β-¸É ¡¨²Ó´µ¸É¨, ´  £µ· §¤µ
¡µ²ÓÏ¥¥ · ¸¸ÉµÖ´¨¥, Î¥³ Ê¤ ¥É¸Ö ¸¥£µ¤´Ö.

‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¥Ð¥ ´¥¤µ¸É ÉµÎ´µ ¨§ÊÎ¥´ ECDF-· ¸¶ ¤
228Np → 228U → ff , ÌµÉÖ ³¨´ÊÉ´Ò° ¶¥·¨µ¤ ¶µ²Ê· ¸¶ ¤  ¶µ§¢µ²Ö¥É ¶·µ-
¢¥¸É¨ ¤¥É ²Ó´Ò¥ ¨¸¸²¥¤µ¢ ´¨Ö,   ¸É·Ê±ÉÊ·  Ö¤·  228U ¶·¥¤¸É ¢²Ö¥É ¤²Ö ¨§ÊÎ¥-
´¨Ö µ¸µ¡Ò° ¨´É¥·¥¸. ‡ ¸²Ê¦¨¢ ¥É ¢´¨³ ´¨Ö ¢µ§³µ¦´µ¸ÉÓ ¨§ÊÎ¥´¨Ö ¸É·Ê±ÉÊ·Ò
Ê·µ¢´¥° ¢µ ¢Éµ·µ° ¶µÉ¥´Í¨ ²Ó´µ° Ö³¥ ¨§µ³¥·µ¢ Ëµ·³Ò ¢ ¶·µÍ¥¸¸¥ § ¶ §¤Ò-
¢ ÕÐ¥£µ ¤¥²¥´¨Ö.
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�¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°, „Ê¡´ 

‚ µ¡§µ·¥ ¶·¥¤¸É ¢²¥´Ò ± ± ±² ¸¸¨Î¥¸±¨¥, É ± ¨ ´µ¢Ò¥ ³¥Éµ¤Ò ¨ ·¥§Ê²ÓÉ ÉÒ  ´ ²¨É¨Î¥¸±¨Ì
¨¸¸²¥¤µ¢ ´¨° ¸É·µ¥´¨° ¸É Í¨µ´ ·´ÒÌ Ê· ¢´¥´¨° ˜·¥¤¨´£¥·  ¨ ” ¤¤¥¥¢  ¨ ¨Ì ·¥Ï¥´¨°, µ¶¨-
¸Ò¢ ÕÐ¨Ì ¸µ¸ÉµÖ´¨Ö É·¥ÌÎ ¸É¨Î´ÒÌ ¸¨¸É¥³ ¸ Í¥´É· ²Ó´Ò³¨ ¨ S-¢µ²´µ¢Ò³¨ ¢§ ¨³µ¤¥°¸É¢¨Ö³¨.
�¸µ¡µ¥ ¢´¨³ ´¨¥ Ê¤¥²¥´µ Ê£²µ¢µ³Ê  ´ ²¨§Ê ÔÉ¨Ì Ê· ¢´¥´¨° ¨ ÉµÎ´Ò³ § ±µ´ ³ ¶·¥µ¡· §µ¢ ´¨Ö
É·¥ÌÎ ¸É¨Î´ÒÌ ±µµ·¤¨´ É, µ¶¥· Éµ·µ¢, ¡ §¨¸´ÒÌ ¨ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ¶·¨ Í¨±²¨Î¥¸±µ° ¶¥·¥-
¸É ´µ¢±¥ Î ¸É¨Í. „ ´  ´ ²¨§ ¶·µ¡²¥³Ò ²µ¦´ÒÌ ·¥Ï¥´¨°.

In the review we present classical and new methods and results of analytical studying of structure
of stationary Shréodinger and Faddeev equations and their solutions describing the states of three
particle systems with two-body center and S-wave potentials. A special attention is paid to the angular
analysis of those equations and exact transformation laws of three-body coordinates, operators, basic
and wave functions at cyclic permutation of the particles. Analysis of the spirious-solutions-problem
is given.

1. ‚‚…„…�ˆ…

Š ¸µ¦ ²¥´¨Õ, ¢ Ë¨§¨Î¥¸±µ° ²¨É¥· ÉÊ·¥ ¨¸¶µ²Ó§ÊÕÉ¸Ö ´¥ Éµ²Ó±µ ¸ ³Ò¥
· §´µµ¡· §´Ò¥ µ¡µ§´ Î¥´¨Ö µ¤´µ° ¨ Éµ° ¦¥ ¢¥²¨Î¨´Ò, µ¶¥· Éµ·  ¨²¨ ËÊ´±-
Í¨¨, ´µ ¨ ´¥·¥¤±µ ¢¢µ¤ÖÉ¸Ö ´¥ ¤¥±¢ É´Ò¥ µ¶·¥¤¥²¥´¨Ö ¨ ±µ´Í¥¶Í¨¨. �µÔÉµ³Ê
µ¡¸Ê¦¤¥´¨¥ Éµ° ¨²¨ ¨´µ° ¶·µ¡²¥³Ò ¶·¨Ìµ¤¨É¸Ö ´ Î¨´ ÉÓ ¸ µ£µ¢µ·µ± µ Éµ³,
± ±µ° ¸³Ò¸² ¡Ê¤¥É ¨³¥ÉÓ ÉµÉ ¨²¨ ¨´µ° É¥·³¨´ ¨ ¸¨³¢µ².

‚ ´ ¸ÉµÖÐ¥³ µ¡§µ·¥, ± ± ¶· ¢¨²µ, ¨¸¶µ²Ó§Ê¥É¸Ö É¥·³¨´µ²µ£¨Ö ¨ µ¡µ§´ -
Î¥´¨Ö, ¶·¨´ÖÉÒ¥ ¢ ¨§¢¥¸É´ÒÌ ÊÎ¥¡´¨± Ì [1Ä5] ¨ ¸¶· ¢µÎ´¨± Ì [6Ä9] ¶µ · §-
²¨Î´Ò³ · §¤¥² ³ ³ É¥³ É¨±¨, ±² ¸¸¨Î¥¸±µ³Ê ±Ê·cÊ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨ [10],
±´¨£ Ì ¶µ É¥µ·¨¨ ¶µÉ¥´Í¨ ²Ó´µ£µ · ¸¸¥Ö´¨Ö [11Ä21] ¨ Ê£²µ¢µ£µ ³µ³¥´É  [22Ä
24],   É ±¦¥ ¢ ³µ´µ£· Ë¨ÖÌ, ¶µ¸¢ÖÐ¥´´ÒÌ ³¥Éµ¤Ê £¨¶¥·£ ·³µ´¨± [25Ä27].
‚¸¥ É¥·³¨´Ò ¨ ±µ³¶ ±É´Ò¥  ¢Éµ·¸±¨¥ µ¡µ§´ Î¥´¨Ö ¶µ¤·µ¡´µ ¶µÖ¸´ÖÕÉ¸Ö ¤µ
¨Ì ¶¥·¢µ£µ ¨¸¶µ²Ó§µ¢ ´¨Ö. �¡¸µ²ÕÉ´µ¥ ¡µ²ÓÏ¨´¸É¢µ É ±¨Ì µ¡µ§´ Î¥´¨° ¸µ-
¢¶ ¤ ¥É ¸ ¨¸¶µ²Ó§µ¢ ´´Ò³¨ ¢ ¸¥·¨¨ · ¡µÉ [28Ä74], ¢Ò¶µ²´¥´´ÒÌ  ¢Éµ·µ³
²¨¡µ ¶·¨ ¥£µ ¶µ¸¨²Ó´µ³ ÊÎ ¸É¨¨. ‚¸Õ¤Ê ´¨¦¥ §´ ± ≡ ¸¢Ö§Ò¢ ¥É ¸¨³¢µ² ¨
¥£µ µ¶·¥¤¥²¥´¨¥ ²¨¡µ ²¥¢ÊÕ ¨ ¶· ¢ÊÕ Î ¸É¨ Éµ¦¤¥¸É¢ ; ¢¥±Éµ·Ò, ³ É·¨ÍÒ ¨
³´µ¦¥¸É¢  µ¡µ§´ Î ÕÉ¸Ö ¦¨·´Ò³¨ ¨, ¸µµÉ¢¥É¸É¢¥´´µ, ¶·µ¶¨¸´Ò³¨ ¡Ê±¢ ³¨.



�…Š�’��›… Œ…’�„› ˆ �…‡“‹œ’�’› 1563

Š ± ¨§¢¥¸É´µ  ¢Éµ·Ê ¨§ ¥£µ ³´µ£µ²¥É´¥£µ µ¶ÒÉ , Ê ¤µ¢µ²Ó´µ Ï¨·µ±µ£µ
±·Ê£  Î¨É É¥²¥°-Ë¨§¨±µ¢ ¸²µ¢µ¸µÎ¥É ´¨¥ ® ´ ²¨É¨Î¥¸±¨¥ ·¥§Ê²ÓÉ ÉÒ ¨¸¸²¥¤µ-
¢ ´¨Ö ³ É¥³ É¨Î¥¸±¨ ±µ··¥±É´µ ¶µ¸É ¢²¥´´µ° § ¤ Î¨¯  ¸¸µÍ¨¨·Ê¥É¸Ö Éµ²Ó±µ
¸ Ö¢´Ò³¨ ¨ § ³±´ÊÉÒ³¨ ¢Ò· ¦¥´¨Ö³¨ ¤²Ö ÉµÎ´ÒÌ ·¥Ï¥´¨° É ±µ° § ¤ Î¨,
µ¡² ¤ ÕÐ¨Ì ¸Ê£Ê¡µ Ë¨§¨Î¥¸±¨³ ¸³Ò¸²µ³. ’ ±µ¥ ¢µ¸¶·¨ÖÉ¨¥ É¥·³¨´  ® ´ -
²¨É¨Î¥¸±¨¥ ·¥§Ê²ÓÉ ÉÒ...¯ Ö¢²Ö¥É¸Ö ¸²¨Ï±µ³ Ê§±¨³. ‚ ³ É¥³ É¨±¥ ±  ´ -
²¨É¨Î¥¸±¨³ ·¥§Ê²ÓÉ É ³  ´ ²¨§  ¶µ¸É ¢²¥´´µ° § ¤ Î¨ ¶·¨´ÖÉµ µÉ´µ¸¨ÉÓ ¢¸¥
ÊÉ¢¥·¦¤¥´¨Ö ¨ ¸¨³¢µ²Ó´Ò¥ ¢Ò· ¦¥´¨Ö, ¤µ± § ´´Ò¥ ¡¥§ ± ±¨Ì-²¨¡µ ¢ÒÎ¨¸²¥-
´¨° ¨ µ¶¨¸Ò¢ ÕÐ¨¥ ¸ ³Ò¥ · §´µµ¡· §´Ò¥ ¸¢µ°¸É¢  ± ± ¸ ³µ° § ¤ Î¨, É ± ¨
¢¸¥Ì ¥¥ ·¥Ï¥´¨°,   É ±¦¥ £²µ¡ ²Ó´Ò¥ ¨ ²µ± ²Ó´Ò¥ ¸¢µ°¸É¢  ¢¸¶µ³µ£ É¥²Ó´ÒÌ
µ¶¥· Éµ·µ¢ ¨ ËÊ´±Í¨°.

‚ ´ ¸ÉµÖÐ¥³ µ¡§µ·¥  ´ ²¨§¨·ÊÕÉ¸Ö Ï·¥¤¨´£¥·µ¢¸± Ö ¨ Ë ¤¤¥¥¢¸± Ö Ëµ·-
³Ê²¨·µ¢±¨ § ¤ Î¨ É·¥Ì ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±¨Ì Î ¸É¨Í ¸ ¶ ·´Ò³¨ ¢§ ¨³µ¤¥°-
¸É¢¨Ö³¨ ¢ ¢¨¤¥ ¶·µ¨§¢µ²Ó´ÒÌ ¸Ê¶¥·¶µ§¨Í¨° ±Ê²µ´µ¢¸±µ£µ ¨ Ö¤¥·´µ£µ ¶µÉ¥´-
Í¨ ²µ¢. �·¥¤¶µ² £ ¥É¸Ö, ÎÉµ ± ¦¤µ¥ ¶ ·´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ § ¢¨¸¨É Éµ²Ó±µ
µÉ µÉ´µ¸¨É¥²Ó´ÒÌ ±µµ·¤¨´ É Î ¸É¨Í ¢ · ¸¸³ É·¨¢ ¥³µ° ¶ ·¥. „²Ö ±· É±µ¸É¨
É ± Ö § ¤ Î  ´ §¢ ´  ®§ ¤ Î¥° É·¥Ì Ö¤¥·´ÒÌ Î ¸É¨Í¯.

�¥·¥Î¨¸²¨³ µ¡Ñ¥±ÉÒ ±¢ ´Éµ¢µ° É¥µ·¨¨ ´¥¸±µ²Ó±¨Ì Î ¸É¨Í,  ´ ²¨É¨Î¥-
¸±µ¥ ¨¸¸²¥¤µ¢ ´¨¥ ±µÉµ·ÒÌ ¶·¥¤¸É ¢²Ö¥É¸Ö ËÊ´¤ ³¥´É ²Ó´Ò³ ¤²Ö ¤ ²Ó´¥°-
Ï¥£µ · §¢¨É¨Ö ÔÉµ° É¥µ·¨¨. �¸µ¡µ¥ ³¥¸Éµ § ´¨³ ÕÉ ÉµÎ´Ò¥ § ±µ´Ò ¶·¥µ¡· -
§µ¢ ´¨Ö µ¶¥· Éµ·µ¢, ¡ §¨¸´ÒÌ, ¢¸¶µ³µ£ É¥²Ó´ÒÌ ¨ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ¶·¨
£¥µ³¥É·¨Î¥¸±¨Ì ¶·¥µ¡· §µ¢ ´¨ÖÌ · §´µµ¡· §´ÒÌ ¸¨¸É¥³ ±µµ·¤¨´ É. �¥ ³¥-
´¥¥ ¢ ¦´Ò  ´ ²¨É¨Î¥¸±¨¥ ³¥Éµ¤Ò ¶·µ¥±É¨·µ¢ ´¨Ö ³´µ£µ³¥·´ÒÌ ¤¨´ ³¨Î¥-
¸±¨Ì Ê· ¢´¥´¨° ´  · §²¨Î´Ò¥ ¶µ²´Ò¥ ¡ §¨¸Ò ¸ Í¥²ÓÕ Ê³¥´ÓÏ¥´¨Ö Î¨¸² 
´¥§ ¢¨¸¨³ÒÌ ¶¥·¥³¥´´ÒÌ. �·¨ É ±µ° ·¥¤Ê±Í¨¨ ´¥¨§¡¥¦´µ ¢µ§´¨± ÕÉ ³ -
É·¨Î´Ò¥ Ô²¥³¥´ÉÒ µÉ ¢§ ¨³µ¤¥°¸É¢¨° ¨ · §²¨Î´µ£µ ·µ¤  ¨´É¥£· ²Ò ¶¥·¥-
±·ÒÉ¨Ö ³¥¦¤Ê ¡ §¨¸´Ò³¨ ¨ ¨¸±µ³Ò³¨ ËÊ´±Í¨Ö³¨. ‡´ ´¨¥  ´ ²¨É¨Î¥¸±¨Ì
¸¢µ°¸É¢ ÔÉ¨Ì µ¡Ñ¥±Éµ¢ ¶µ§¢µ²Ö¥É ¸ÊÐ¥¸É¢¥´´µ Ê¶·µ¸É¨ÉÓ  ´ ²¨§ ·¥¤ÊÍ¨·µ¢ ´-
´ÒÌ Ê· ¢´¥´¨° ¨ ¨Ì Î¨¸²¥´´µ¥ ·¥Ï¥´¨¥. ‘ É¥µ·¥É¨Î¥¸±µ° ¨ ¶· ±É¨Î¥¸±µ°
ÉµÎ¥± §·¥´¨Ö, ´¥¸µ³´¥´´µ, ¨´É¥·¥¸´Ò ¨¸¸²¥¤µ¢ ´¨Ö Ô±¢¨¢ ²¥´É´µ¸É¨ · §²¨Î-
´ÒÌ Ëµ·³Ê²¨·µ¢µ± µ¤´µ° ¨ Éµ° ¦¥ ³´µ£µÎ ¸É¨Î´µ° § ¤ Î¨. �¤´  ¨§ ¶·µ¡²¥³
É ±µ£µ ·µ¤  Å ¸ÊÐ¥¸É¢µ¢ ´¨¥ ·¥£Ê²Ö·´ÒÌ, ´µ ²¨Ï¥´´ÒÌ Ë¨§¨Î¥¸±µ£µ ¸³Ò¸² 
·¥Ï¥´¨° ¶¥·¥Ëµ·³Ê²¨·µ¢ ´´µ° § ¤ Î¨. „µ± § É¥²Ó¸É¢  ±·¨É¥·¨¥¢ ¸ÊÐ¥¸É¢µ-
¢ ´¨Ö É ±¨Ì µ¸µ¡ÒÌ ·¥Ï¥´¨°, ¨Ì ±² ¸¸¨Ë¨± Í¨Ö ¨ ¸¶µ¸µ¡Ò ÉµÎ´µ£µ ¨¸±²ÕÎ¥-
´¨Ö, ¡¥§Ê¸²µ¢´µ, ¢ ¦´Ò ¤²Ö ¶µ¸É·µ¥´¨Ö ³ É¥³ É¨Î¥¸±¨ ±µ··¥±É´µ° É¥µ·¨¨.
�Î¥¢¨¤´µ, ÎÉµ É ± Ö É¥µ·¨Ö µ± ¦¥É¸Ö ´¥§ ¢¥·Ï¥´´µ° ¡¥§  ¸¨³¶ÉµÉ¨Î¥¸±¨Ì
³¥Éµ¤µ¢, ¶µ§¢µ²ÖÕÐ¨Ì ¶µ¸É·µ¨ÉÓ ¢ Ö¢´µ³ ¢¨¤¥ ¶µ²´Ò¥  ¸¨³¶ÉµÉ¨Î¥¸±¨¥ · §-
²µ¦¥´¨Ö ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ¢ Ë¨§¨Î¥¸±¨ ¨´É¥·¥¸´ÒÌ ¶·¥¤¥² Ì ¶µ  ·£Ê³¥´É ³
¨ ¶ · ³¥É· ³.

�¸´µ¢´ Ö Í¥²Ó ´ ¸ÉµÖÐ¥£µ µ¡§µ·  Å ¶µ¤·µ¡´µ¥ µ¶¨¸ ´¨¥ ´¥±µÉµ·ÒÌ
ËÊ´¤ ³¥´É ²Ó´ÒÌ ³¥Éµ¤µ¢  ´ ²¨É¨Î¥¸±µ£µ ¨¸¸²¥¤µ¢ ´¨Ö Ê¶µ³Ö´ÊÉÒÌ ¢ÒÏ¥
µ¡Ñ¥±Éµ¢ § ¤ Î¨ É·¥Ì Ö¤¥·´ÒÌ Î ¸É¨Í ¨  ´ ²¨§ ´  ¤µ¸Éµ¢¥·´µ¸ÉÓ ´¥±µÉµ·ÒÌ
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ÉµÎ´ÒÌ ·¥§Ê²ÓÉ Éµ¢, ¶µ²ÊÎ¥´´ÒÌ ¢ · ³± Ì É¥µ·¨¨ Ë ¤¤¥¥¢¸±¨Ì Ê· ¢´¥´¨° ¨
³¥Éµ¤  £¨¶¥·£ ·³µ´¨± ¢ ±µµ·¤¨´ É´µ³ ¶·µ¸É· ´¸É¢¥.

’ ±µ° ¢Ò¡µ· µ¡Ê¸²µ¢²¥´ É¥³, ÎÉµ  ¢Éµ· ¢Ò¶µ²´¨² ¸¥·¨Õ ¨¸¸²¥¤µ¢ ´¨°
[57Ä72,74] § ¤ Î¨ É·¥Ì Ö¤¥·´ÒÌ Î ¸É¨Í ¨³¥´´µ ÔÉ¨³¨ ³¥Éµ¤ ³¨. �¡¸Ê¦¤¥´¨¥
¤·Ê£¨Ì ¶µ¤Ìµ¤µ¢ ± ÉµÎ´µ³Ê ·¥Ï¥´¨Õ É ±µ° § ¤ Î¨ ´¥¢µ§³µ¦´µ ¨§-§  ¦¥¸É-
±¨Ì µ£· ´¨Î¥´¨° ´  ¤µ¶Ê¸É¨³Ò° µ¡Ñ¥³ µ¡§µ·  ¨ ¶·¥¤¸É ¢²Ö¥É¸Ö ¨§²¨Ï´¨³
¨§-§  ´ ²¨Î¨Ö ËÊ´¤ ³¥´É ²Ó´ÒÌ ¸É É¥° µ¡§µ·´µ£µ Ì · ±É¥·  ¨ ³µ´µ£· Ë¨°.
“¶µ³Ö´¥³ ´ ¨¡µ²¥¥ ¢ ¦´Ò¥ ¨§ É ±¨Ì ¶Ê¡²¨± Í¨°, ÎÉµ¡Ò ´ ¶µ³´¨ÉÓ µ¸´µ¢Ò
´ ¨¡µ²¥¥ Î ¸Éµ ¨¸¶µ²Ó§Ê¥³ÒÌ  ´ ²¨É¨Î¥¸±¨Ì ³¥Éµ¤µ¢ ¨ ¶µ¶ÊÉ´µ ¶µÖ¸´¨ÉÓ,
± ±¨¥ ¨³¥´´µ  ´ ²¨É¨Î¥¸±¨¥ ·¥§Ê²ÓÉ ÉÒ ´¥ ¸Ê³³¨·µ¢ ²¨¸Ó ¨ ¶µÎ¥³Ê ÔÉµ ´¥-
µ¡Ìµ¤¨³µ ¸¤¥² ÉÓ ¢ ´ ¸ÉµÖÐ¥³ µ¡§µ·¥.

�¤¨´ ¨§ ´ ¨¡µ²¥¥ · ¸¶·µ¸É· ´¥´´ÒÌ ¸¶µ¸µ¡µ¢ ¨¸¸²¥¤µ¢ ´¨Ö ³´µ£µ³¥·-
´ÒÌ ¤¨´ ³¨Î¥¸±¨Ì Ê· ¢´¥´¨° ¤²Ö ´¥¸±µ²Ó±¨Ì Î ¸É¨Í µ¸´µ¢ ´ ´  ¶·¥¤¸É -
¢²¥´¨¨ ¨¸±µ³ÒÌ ËÊ´±Í¨° ¨ (¨²¨) µ¶¥· Éµ·µ¢ ¢ ¢¨¤¥ ·Ö¤µ¢ ¶µ ¶µ¤Ìµ¤ÖÐ¨³
¡ §¨¸ ³ ¨ ¶µ¸²¥¤ÊÕÐ¥³ ¶·µ¥±É¨·µ¢ ´¨¨ Ê· ¢´¥´¨° ´  É ±¨¥ ¡ §¨¸Ò. “£²µ-
¢Ò³¨ ¡ §¨¸ ³¨ ´ §Ò¢ ÕÉ¸Ö ¶µ²´Ò¥ ´ ¡µ·Ò ¨§ ¸µ¡¸É¢¥´´ÒÌ ËÊ´±Í¨° ±¢ ¤· -
Éµ¢ µ¶¥· Éµ·µ¢ Ê£²µ¢ÒÌ ³µ³¥´Éµ¢, ¸µ¤¥·¦ Ð¨Ì¸Ö ¢ ¸¢µ¡µ¤´µ³ £ ³¨²ÓÉµ´¨ ´¥.
‡ ¤ Î  ¶·µ¥±É¨·µ¢ ´¨Ö Ê· ¢´¥´¨° ´  Ê£²µ¢Ò¥ ¡ §¨¸Ò Î ¸Éµ ¨³¥´Ê¥É¸Ö Ê£²µ-
¢Ò³  ´ ²¨§µ³ ÔÉ¨Ì Ê· ¢´¥´¨°. “£²µ¢Ò¥ ¡ §¨¸´Ò¥ ËÊ´±Í¨¨ ¨§¢¥¸É´Ò ¢ Ö¢´µ³
¢¨¤¥, Ìµ·µÏµ ¨§ÊÎ¥´Ò ¨ ¶µ µ¶·¥¤¥²¥´¨Õ ´¥ § ¢¨¸ÖÉ µÉ ¢§ ¨³µ¤¥°¸É¢¨°. �µ
ÔÉ¨³ ¶·¨Î¨´ ³ Ê£²µ¢Ò¥ ¡ §¨¸Ò ¨¸¶µ²Ó§ÊÕÉ¸Ö ´ ¨¡µ²¥¥ Î ¸Éµ. �·µ¥±É¨·µ¢ -
´¨¥³ ´  ¶µ¤Ìµ¤ÖÐ¨° Ê£²µ¢µ° ¡ §¨¸ ¨¸Ìµ¤´Ò¥ Ê· ¢´¥´¨Ö ÉµÎ´µ ¸¢µ¤ÖÉ¸Ö ±
Ê· ¢´¥´¨Ö³ ¸ ³¥´ÓÏ¨³ Î¨¸²µ³ ´¥§ ¢¨¸¨³ÒÌ ¶¥·¥³¥´´ÒÌ. �´ ²¨É¨Î¥¸±¨°
¨ Î¨¸²¥´´Ò°  ´ ²¨§ Ê· ¢´¥´¨° ¢ ¶·µ¸É· ´¸É¢¥ ´¥¡µ²ÓÏµ° · §³¥·´µ¸É¨ Å
§ ¤ Î  ³¥´¥¥ ¸²µ¦´ Ö ¨ ¢µ ³´µ£¨Ì ¸²ÊÎ ÖÌ ¤µ¸É ÉµÎ´µ ¶µ²´µ ·¥Ï¥´´ Ö. �·¨-
³¥· É ±µ° § ¤ Î¨ Å ¤¢ÊÌÎ ¸É¨Î´µ¥ Ê· ¢´¥´¨¥ ˜·¥¤¨´£¥·  ¸ Í¥´É· ²Ó´Ò³
(¸Ë¥·¨Î¥¸±¨-¸¨³³¥É·¨Î´Ò³) ¢§ ¨³µ¤¥°¸É¢¨¥³ [14]. ˆ§´ Î ²Ó´µ ÔÉµ Ê· ¢´¥-
´¨¥ Ëµ·³Ê²¨·Ê¥É¸Ö ¢ É·¥Ì³¥·´µ³ ¶·µ¸É· ´¸É¢¥ R3

x ¢¥±Éµ·µ¢ x, Ì · ±É¥·¨§Ê-
ÕÐ¨Ì µÉ´µ¸¨É¥²Ó´µ¥ · ¸¶µ²µ¦¥´¨¥ ¤¢ÊÌ Î ¸É¨Í ¢ ´¥±µÉµ·µ° Ë¨±¸¨·µ¢ ´´µ°
¸¨¸É¥³¥ ±µµ·¤¨´ É S3. ‚ ± Î¥¸É¢¥ Ê£²µ¢µ£µ ¡ §¨¸  Î ¸Éµ ¨¸¶µ²Ó§ÊÕÉ¸Ö ¸Ë¥-
·¨Î¥¸±¨¥ ËÊ´±Í¨¨ [23] ¨²¨ ¨Ì ²¨´¥°´Ò¥ ±µ³¡¨´ Í¨¨. ‘Ë¥·¨Î¥¸±¨¥ ËÊ´±Í¨¨
Ybβ(x̂) § ¢¨¸ÖÉ µÉ ¤¢ÊÌ ¸Ë¥·¨Î¥¸±¨Ì Ê£²µ¢ x̂ = (θx, ϕx) ¢¥±Éµ·  x, Ö¢²ÖÕÉ¸Ö
¸µ¡¸É¢¥´´Ò³¨ ¤²Ö ±¢ ¤· É  µ¶¥· Éµ·  Ê£²µ¢µ£µ ³µ³¥´É  lx ¨ µ¡· §ÊÕÉ ¶µ²-
´Ò° µ·Éµ´µ·³¨·µ¢ ´´Ò° ¡ §¨¸ ´  ¥¤¨´¨Î´µ° ¸Ë¥·¥ S2

x ¢ R3
x. �µÔÉµ³Ê É ±µ°

¡ §¨¸ ´¥·¥¤±µ ´ §Ò¢ ÕÉ ¸Ë¥·¨Î¥¸±¨³. ˆ¸Ìµ¤´µ¥ É·¥Ì³¥·´µ¥ Ê· ¢´¥´¨¥ ˜·¥-
¤¨´£¥·  ¸ Í¥´É· ²Ó´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³ ¶·µ¥±É¨·µ¢ ´¨¥³ ´  ¸Ë¥·¨Î¥¸±¨°
¡ §¨¸ ¸¢µ¤¨É¸Ö ± ¸¨¸É¥³¥ ´¥§ Í¥¶²ÖÕÐ¨Ì¸Ö µ¡Ò±´µ¢¥´´ÒÌ ¤¨ËË¥·¥´Í¨ ²Ó-
´ÒÌ Ê· ¢´¥´¨° ¢Éµ·µ£µ ¶µ·Ö¤±  ¤²Ö ´¥¨§¢¥¸É´ÒÌ ËÊ´±Í¨° µ¤´µ° ¶¥·¥³¥´´µ°
x. ’ ±¨¥ Ê· ¢´¥´¨Ö ¶·¨´ÖÉµ ´ §Ò¢ ÉÓ · ¤¨ ²Ó´Ò³¨ Ê· ¢´¥´¨Ö³¨ ˜·¥¤¨´-
£¥· .

�¡Ð Ö É¥µ·¨Ö µ¡Ò±´µ¢¥´´ÒÌ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° [1,6,8] ¤µ-
¸É ÉµÎ´µ · §¢¨É . …¥ ³¥Éµ¤ ³¨ · ¤¨ ²Ó´µ¥ Ê· ¢´¥´¨¥ ˜·¥¤¨´£¥·  ÉµÎ´µ ·¥-
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Ï¥´µ ¤²Ö ¸¥·¨¨ ³µ¤¥²Ó´ÒÌ ¶µÉ¥´Í¨ ²µ¢. Š ´¨³ µÉ´µ¸ÖÉ¸Ö ±Ê²µ´µ¢¸±¨° ¨
µ¸Í¨²²ÖÉµ·´Ò° ¶µÉ¥´Í¨ ²Ò, ¶µÉ¥´Í¨ ²Ò Œµ·¸  ¨ ¶·Ö³µÊ£µ²Ó´µ° Ö³Ò [10],  
É ±¦¥ ¸¥³¥°¸É¢µ ¡ ·£³ ´µ¢¸±¨Ì ¶µÉ¥´Í¨ ²µ¢ [18].

„²Ö ¡µ²ÓÏ¨´¸É¢  ·¥ ²¨¸É¨Î¥¸±¨Ì ¶µÉ¥´Í¨ ²µ¢, ¢µ¸¶·µ¨§¢µ¤ÖÐ¨Ì Ô±¸¶¥-
·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶µ ¤¢ÊÌÎ ¸É¨Î´Ò³ ¸¶¥±É· ³ ¨ Ë § ³ · ¸¸¥Ö´¨Ö, · -
¤¨ ²Ó´Ò¥ Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥·  ÉµÎ´µ ´¥ · §·¥Ï¥´Ò. ‘ Í¥²ÓÕ ¨Ì  ´ ²¨É¨-
Î¥¸±µ£µ ¨¸¸²¥¤µ¢ ´¨Ö ¨ ¶·¨¡²¨¦¥´´µ£µ ·¥Ï¥´¨Ö ¡Ò²¨ · §· ¡µÉ ´Ò · §²¨Î-
´Ò¥ ¶µ¤Ìµ¤Ò: ³¥Éµ¤  ¶¶·µ±¸¨³ Í¨¨ ²µ± ²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¸¥¶ · ¡¥²Ó-
´Ò³¨ ¶µÉ¥´Í¨ ² ³¨ ±µ´¥Î´µ£µ · ´£  [17], ¢ ·¨ Í¨µ´´Ò° ³¥Éµ¤ [20], ³¥Éµ¤
¶µÉ¥´Í¨ ²  ´Ê²¥¢µ£µ · ¤¨Ê¸  [16], É¥µ·¨Ö ¢µ§³ÊÐ¥´¨° [14,19], ±¢ §¨±² ¸-
¸¨Î¥¸±µ¥ ¶·¨¡²¨¦¥´¨¥ [4,11] ¨ · §²¨Î´Ò¥ ¢¥·¸¨¨ [73,74] ³¥Éµ¤  Ë §µ¢ÒÌ
ËÊ´±Í¨° [12,13].

�¡µ¡Ð¥´¨¥ ¢¸¥Ì ¢ÒÏ¥¶¥·¥Î¨¸²¥´´ÒÌ ³¥Éµ¤µ¢ ¤²Ö  ´ ²¨É¨Î¥¸±µ£µ ¨¸¸²¥-
¤µ¢ ´¨Ö § ¤ Î¨ É·¥Ì Î ¸É¨Í ¨ · §¢¨É¨¥ ²Õ¡ÒÌ ¤·Ê£¨Ì ¶µ¤Ìµ¤µ¢ ± É ±µ³Ê ¨¸-
¸²¥¤µ¢ ´¨Õ § É·Ê¤´ÖÕÉ¸Ö ¢¸¥£µ ¤¢Ê³Ö µ¡¸ÉµÖÉ¥²Ó¸É¢ ³¨: ¸· ¢´¨É¥²Ó´µ ¡µ²Ó-
Ïµ° · §³¥·´µ¸ÉÓÕ É·¥ÌÎ ¸É¨Î´µ£µ ¶·µ¸É· ´¸É¢  ¨ µ¡Ð¥¶·¨´ÖÉÒ³ ¸¶µ¸µ¡µ³
µ¶¨¸ ´¨Ö ¢§ ¨³µ¤¥°¸É¢¨°. �¡¸Ê¤¨³ µ¡  µ¡¸ÉµÖÉ¥²Ó¸É¢  ¤²Ö Ö¸´µ£µ ¶µ´¨³ ´¨Ö
Éµ£µ, ± ±¨¥ É·Ê¤´µ¸É¨ ³µ¦´µ ¶·¥µ¤µ²¥ÉÓ,   ± ±¨¥ Å ¢ ¶·¨´Í¨¶¥, ´¥²Ó§Ö.

‚ ¸¨¸É¥³¥ ±µµ·¤¨´ É S3, ¸¢Ö§ ´´µ° ¢ R3 ¸ Í¥´É·µ³ ³ ¸¸ É·¥ÌÎ ¸É¨Î-
´µ° ¸¨¸É¥³Ò, µÉ´µ¸¨É¥²Ó´µ¥ ¶µ²µ¦¥´¨¥ É·¥Ì Î ¸É¨Í Ì · ±É¥·¨§Ê¥É¸Ö Ê¦¥ ´¥
É·¥³Ö, ± ± ¢ ¸²ÊÎ ¥ ¤¢ÊÌ Î ¸É¨Í,   Ï¥¸ÉÓÕ ±µµ·¤¨´ É ³¨. ‚ ± Î¥¸É¢¥ É ±µ¢ÒÌ
Î ¸Éµ ¨¸¶µ²Ó§ÊÕÉ¸Ö É·¥Ì³¥·´Ò¥ ¢¥±Éµ·Ò Ÿ±µ¡¨ [17] x ¨ y ¨²¨ ¸µ¶µ¸É ¢²¥´-
´Ò¥ ¨³ £¨¶¥·¸Ë¥·¨Î¥¸±¨¥ ±µµ·¤¨´ ÉÒ [1] (r,Ω): £¨¶¥·· ¤¨Ê¸ r ≡

√
x2 + y2

¨ ´ ¡µ· ¨§ ¶ÖÉ¨ £¨¶¥·Ê£²µ¢ Ω ≡ (x̂, ŷ, ϕ), £¤¥ ϕ ≡ arctg (y/x). „²¨´Ò x
¨ y  ¸¸µÍ¨¨·ÊÕÉ¸Ö ¸ · ¸¸ÉµÖ´¨Ö³¨ ³¥¦¤Ê Î ¸É¨Í ³¨ ¢ ¢Ò¡· ´´µ° ¶ ·¥ Î -
¸É¨Í ¨ · ¸¸ÉµÖ´¨¥³ µÉ É·¥ÉÓ¥° Î ¸É¨ÍÒ ¤µ Í¥´É·  ³ ¸¸ ÔÉµ° ¶ ·Ò. Ÿ¸´µ,
ÎÉµ ¤²Ö ±µµ·¤¨´ É´µ£µ µ¶¨¸ ´¨Ö É·¥ÌÎ ¸É¨Î´µ° ±µ´Ë¨£Ê· Í¨¨ ´¥µ¡Ìµ¤¨³µ
¢¢¥¸É¨ Ï¥¸É¨³¥·´µ¥ ±µµ·¤¨´ É´µ¥ ¶·µ¸É· ´¸É¢µ R6 ≡ R3

x ⊕ R3
y. “£²µ¢µ°

¡ §¨¸ ´  Î¥ÉÒ·¥Ì³¥·´µ³ Éµ·¥ T 4
xy ≡ S2

x ⊕ S2
y (¥¤¨´¨Î´µ° ¶ÖÉ¨³¥·´µ° ¸Ë¥·¥

S5) ¢ R6 µ¡· §Ê¥É ¡¨¸Ë¥·¨Î¥¸±¨¥ (£¨¶¥·¸Ë¥·¨Î¥¸±¨¥) £ ·³µ´¨±¨ [1,23]. �¨-
¸Ë¥·¨Î¥¸±¨¥ £ ·³µ´¨±¨ Y`mab (x̂, ŷ) § ¢¨¸ÖÉ µÉ Î¥ÉÒ·¥Ì ¶¥·¥³¥´´ÒÌ ¨ Ö¢²ÖÕÉ¸Ö
¸µ¡¸É¢¥´´Ò³¨ ËÊ´±Í¨Ö³¨ ±¢ ¤· Éµ¢ µ¶¥· Éµ·µ¢ Ê£²µ¢ÒÌ ³µ³¥´Éµ¢ lx ¨ ly, ¸µ-
¶·Ö¦¥´´ÒÌ ¢¥±Éµ· ³ x ¨ y, ¨ ±¢ ¤· É  µ¶¥· Éµ·  ¶µ²´µ£µ Ê£²µ¢µ£µ ³µ³¥´É 
l ≡ lx + ly. ƒ¨¶¥·¸Ë¥·¨Î¥¸±¨¥ £ ·³µ´¨±¨ (£¨¶¥·£ ·³µ´¨±¨) Y `mLab(Ω) § ¢¨-
¸ÖÉ µÉ ¶ÖÉ¨ Ê£²µ¢ ¨ Ö¢²ÖÕÉ¸Ö ¸µ¡¸É¢¥´´Ò³¨ ËÊ´±Í¨Ö³¨ ± ± ¢¸¥Ì ±¢ ¤· Éµ¢
¢ÒÏ¥¶¥·¥Î¨¸²¥´´ÒÌ µ¶¥· Éµ·µ¢, É ± ¨ ±¢ ¤· É  Ï¥¸É¨³¥·´µ£µ Ê£²µ¢µ£µ ³µ-
³¥´É  (£¨¶¥·³µ³¥´É ) L. � §²µ¦¥´¨¥ ¨¸¸²¥¤Ê¥³µ° ËÊ´±Í¨¨ ¢ ·Ö¤ ¶µ ¡¨¸Ë¥-
·¨Î¥¸±¨³ £ ·³µ´¨± ³ (£¨¶¥·£ ·³µ´¨± ³) ¡Ê¤¥³ ´ §Ò¢ ÉÓ ¥¥ ¡¨¸Ë¥·¨Î¥¸±¨³
(£¨¶¥·¸Ë¥·¨Î¥¸±¨³) ·Ö¤µ³. ŠµÔËË¨Í¨¥´ÉÒ É ±¨Ì ·Ö¤µ¢ ´ §µ¢¥³ ¡¨¸Ë¥·¨-
Î¥¸±¨³¨ ¨²¨ £¨¶¥·¸Ë¥·¨Î¥¸±¨³¨ ±µ³¶µ´¥´É ³¨ · §²µ¦¥´´µ° ËÊ´±Í¨¨. �µ
µ¶·¥¤¥²¥´¨Õ ¡¨¸Ë¥·¨Î¥¸±¨¥ ±µ³¶µ´¥´ÉÒ Å ËÊ´±Í¨¨ ¤¢ÊÌ  ·£Ê³¥´Éµ¢ x, y
¨²¨ r ¨ ϕ,   £¨¶¥·¸Ë¥·¨Î¥¸±¨¥ ±µ³¶µ´¥´ÉÒ § ¢¨¸ÖÉ Éµ²Ó±µ µÉ µ¤´µ° ±µµ·¤¨-
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´ ÉÒ r. �¡² ¸ÉÓ ¤µ¶Ê¸É¨³ÒÌ §´ Î¥´¨° ¶¥·¥³¥´´ÒÌ x, y ¨²¨ r, ϕ Å ¶¥·¢Ò°
±¢ ¤· ´É R+

2 ¤¢Ê³¥·´µ° ¶²µ¸±µ¸É¨ R2,   £¨¶¥·· ¤¨Ê¸ r ¢¸¥£¤  ¶·¨´ ¤²¥¦¨É
´¥µÉ·¨Í É¥²Ó´µ° ¶µ²Êµ¸¨ R+

1 .
…¸²¨ ËÊ´±Í¨¨, ¶µ¤Î¨´¥´´Ò¥ ¢ R6 ¨¸¸²¥¤Ê¥³Ò³ É·¥ÌÎ ¸É¨Î´Ò³ Ê· ¢´¥-

´¨Ö³, § ³¥´¨ÉÓ ¨Ì ¡¨¸Ë¥·¨Î¥¸±¨³¨ (£¨¶¥·¸Ë¥·¨Î¥¸±¨³¨) ·Ö¤ ³¨ ¨ § É¥³
¸¶·µ¥±É¨·µ¢ ÉÓ Ê· ¢´¥´¨Ö ´  ¡¨¸Ë¥·¨Î¥¸±¨° (£¨¶¥·¸Ë¥·¨Î¥¸±¨°) ¡ §¨¸, Éµ
¶µ²ÊÎ É¸Ö ÉµÎ´Ò¥ ¤¢Ê³¥·´Ò¥ (µ¤´µ³¥·´Ò¥) Ê· ¢´¥´¨Ö ¢ R2

+ (R1
+) ¤²Ö ´¥-

¨§¢¥¸É´ÒÌ ¡¨¸Ë¥·¨Î¥¸±¨Ì (£¨¶¥·¸Ë¥·¨Î¥¸±¨Ì) ±µ³¶µ´¥´É. ‚  ¡¸µ²ÕÉ´µ³
¡µ²ÓÏ¨´¸É¢¥ ¸²ÊÎ ¥¢ ¸µ¢µ±Ê¶´µ¸É¨ Ê· ¢´¥´¨° ¤²Ö ±µ³¶µ´¥´É Å ¡¥¸±µ´¥Î´Ò¥
¸¨¸É¥³Ò § Í¥¶²ÖÕÐ¨Ì¸Ö Ê· ¢´¥´¨°. ‡ Í¥¶²¥´¨¥ µ¡Ê¸² ¢²¨¢ ¥É¸Ö ¨´É¥£· ²Ó-
´Ò³¨ µ¶¥· Éµ· ³¨, ËÊ´±Í¨Ö³¨ ¨ Î¨¸²µ¢Ò³¨ ±µÔËË¨Í¨¥´É ³¨.

� ¶·¨³¥·, É·¥ÌÎ ¸É¨Î´Ò¥ Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥·  ¢ R1
+ § Í¥¶²ÖÕÉ¸Ö Ô²¥-

³¥´É ³¨ ³ É·¨ÍÒ ¶µ²´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ¡ §¨¸¥ £¨¶¥·£ ·³µ´¨± [25], Ê· ¢-
´¥´¨Ö ” ¤¤¥¥¢  ¢ R2

+ § Í¥¶²ÖÕÉ¸Ö ¨ ³ É·¨Í ³¨ ¶ ·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¢
¡¨¸Ë¥·¨Î¥¸±µ³ ¡ §¨¸¥, ¨ ¨´É¥£· ²Ó´Ò³¨ µ¶¥· Éµ· ³¨.

� ¶µ³´¨³ µ¸´µ¢´Ò¥ ¶·¨Î¨´Ò, ¶µ·µ¦¤ ÕÐ¨¥ § Í¥¶²¥´¨¥. �Ê¸ÉÓ (i, j, k) Å
É·¨ ¤  · §²¨Î´ÒÌ ¨´¤¥±¸µ¢, ´Ê³¥·ÊÕÐ¨Ì É·¨ Î ¸É¨ÍÒ ¨ ¶·¨´¨³ ÕÐ¨Ì · §-
´Ò¥ §´ Î¥´¨Ö 1, 2 ¨²¨ 3. ˆ³¥¥É¸Ö ·µ¢´µ É·¨ · §¡¨¥´¨Ö i(j, k) ´  ¶ ·Ê Î ¸É¨Í
¸ ´µ³¥· ³¨ j ¨ k ¨ Î ¸É¨ÍÊ, ¨³¥ÕÐÊÕ ´µ³¥· i. Š ¦¤µ³Ê (i = 1, 2, 3) · §¡¨¥-
´¨Õ i(j, k) µÉ¢¥Î ¥É ¸¢µÖ ¶ ·  Ö±µ¡¨¥¢¸±¨Ì ¢¥±Éµ·µ¢ xi,yi ¨²¨ ¸µ¶µ¸É ¢²¥´-
´ÒÌ ¨³ £¨¶¥·¸Ë¥·¨Î¥¸±¨Ì ±µµ·¤¨´ É (r,Ωi). �·¨ Í¨±²¨Î¥¸±µ° ¶¥·¥¸É ´µ¢±¥
¨´¤¥±¸µ¢ i(j, k) → k(i, j) ¶ ·  xi,yi ¶¥·¥Ìµ¤¨É ¢ ¶ ·Ê xk,yk . Šµµ·¤¨´ ÉÒ,
¶µ³¥Î¥´´Ò¥ ¨´¤¥±¸µ³ i, ¶·¨´ÖÉµ ´ §Ò¢ ÉÓ ¸µ¡¸É¢¥´´Ò³¨ ¤²Ö · §¡¨¥´¨Ö i(j, k)
¨ ´¥¸µ¡¸É¢¥´´Ò³¨ ¤²Ö ¤¢ÊÌ ¤·Ê£¨Ì · §¡¨¥´¨°. ‚§ ¨³µ¤¥°¸É¢¨Ö ¢ ¸¨¸É¥³¥ É·¥Ì
Î ¸É¨Í  ¶·¨µ·´µ ¸Î¨É ÕÉ¸Ö ¶ ·´Ò³¨. �µ²¥¥ Éµ£µ, ¶µ¸ÉÊ²¨·Ê¥É¸Ö, ÎÉµ ¶µ²´µ¥
¢§ ¨³µ¤¥°¸É¢¨¥ V · ¢´µ ¸Ê³³¥ ¢¸¥Ì É·¥Ì ¶ ·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° Vi,   ¢§ ¨-
³µ¤¥°¸É¢¨Ö Vi ¢ ± ¦¤µ° ¶ ·¥ (j, k) µ¶¨¸Ò¢ ÕÉ¸Ö ËÊ´±Í¨¥° Vi(xi), § ¤ ´´µ°
¶µ µ¶·¥¤¥²¥´¨Õ ¢ ¸µ¡¸É¢¥´´ÒÌ ¤²Ö ÔÉµ° ¶ ·Ò ±µµ·¤¨´ É Ì xi. �µ¸ÉÊ² É µ
É ±µ³  ¤¤¨É¨¢´µ³ ¶·¥¤¸É ¢²¥´¨¨ ¶µ²´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶µ¤É¢¥·¦¤¥´ · §-
´µµ¡· §´Ò³¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. �¶·¥¤¥²¥´¨¥ ËÊ´±Í¨µ´ ²Ó´µ°
§ ¢¨¸¨³µ¸É¨ ¶ ·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¢ ´¥¸µ¡¸É¢¥´´ÒÌ ±µµ·¤¨´ É Ì, ¢ ¶·¨´-
Í¨¶¥, ¢µ§³µ¦´µ ¶ÊÉ¥³ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ  ´ ²¨§  É·¥ÌÎ ¸É¨Î´ÒÌ ¶·µÍ¥¸¸µ¢.
’ ±¨¥ Ô±¸¶¥·¨³¥´ÉÒ ¤µ¸É ÉµÎ´µ ¸²µ¦´Ò,   ¨Ì ¶µ¸²¥¤ÊÕÐ Ö µ¡· ¡µÉ±  ¢´µ¸¨É
³´µ£µÎ¨¸²¥´´Ò¥ É¥µ·¥É¨Î¥¸±¨¥ ´¥µ¶·¥¤¥²¥´´µ¸É¨. �µÔÉµ³Ê ¶ ·´Ò¥ ¢§ ¨³µ-
¤¥°¸É¢¨Ö Ô±¸¶¥·¨³¥´É ²Ó´µ ¢µ¸¸É ´ ¢²¨¢ ÕÉ¸Ö ¢ ¨Ì ¸µ¡¸É¢¥´´ÒÌ ±µµ·¤¨´ -
É Ì ¨ ¢ É ±µ³ ¢¨¤¥ ¢Ìµ¤ÖÉ ¢ É¥µ·¨Õ. �Î¥¢¨¤´µ, ÎÉµ ¥¸²¨ § ¶¨¸ ÉÓ ¶µ²´µ¥
¢§ ¨³µ¤¥°¸É¢¨e ¢ µ¤´µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É Ÿ±µ¡¨, Éµ µ´  µ± ¦¥É¸Ö ¸µ¡¸É¢¥´-
´µ° ¤²Ö µ¤´µ£µ ¶ ·´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨ ´¥¸µ¡¸É¢¥´´µ° ¤²Ö ¤¢ÊÌ ¤·Ê£¨Ì.
�·¨ ¶¥·¥Ìµ¤¥ µÉ ¸µ¡¸É¢¥´´ÒÌ ±µµ·¤¨´ É ± ´¥¸µ¡¸É¢¥´´Ò³ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨
ËÊ´±Í¨¨ µ¡ÒÎ´µ É¥·ÖÕÉ ³´µ£¨¥ ¸¢µ¨ ¸¢µ°¸É¢ ,   ¨Ì ËÊ´±Í¨µ´ ²Ó´ Ö § ¢¨-
¸¨³µ¸ÉÓ, ± ± ¶· ¢¨²µ, Ê¸²µ¦´Ö¥É¸Ö. � ¶·¨³¥·, Í¥´É· ²Ó´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥
Vk(xk) ¢ ´¥¸µ¡¸É¢¥´´ÒÌ ±µµ·¤¨´ É Ì µ¶¨¸Ò¢ ¥É¸Ö ËÊ´±Í¨¥° ¸²µ¦´µ£µ  ·£Ê-
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³¥´É  Vk(xk(xi,yi)), ´¥ µ¡² ¤ ÕÐ¥° ¸Ë¥·¨Î¥¸±µ° ¸¨³³¥É·¨¥° ´¨ ¶µ µ¤´µ³Ê
¨§ ´µ¢ÒÌ  ·£Ê³¥´Éµ¢ xi ¨²¨ yi.

ˆÉ ±, ¢§ ¨³µ¤¥°¸É¢¨Ö ¶·¨Ìµ¤¨É¸Ö ¸Î¨É ÉÓ ¶ ·´Ò³¨ ¨ § ¤ ´´Ò³¨ ¢ ¨Ì
¸µ¡¸É¢¥´´ÒÌ ±µµ·¤¨´ É Ì. �µÔÉµ³Ê · §¢¨É¨¥ ÉµÎ´ÒÌ ³¥Éµ¤µ¢ ·¥Ï¥´¨Ö ·¥¤Ê-
Í¨·µ¢ ´´ÒÌ É·¥ÌÎ ¸É¨Î´ÒÌ Ê· ¢´¥´¨° ´¥¢µ§³µ¦´µ ¡¥§ §´ ´¨Ö ¢¸¥Ì ¸¢µ°¸É¢
µ¡Ñ¥±Éµ¢, µ¡Ê¸² ¢²¨¢ ÕÐ¨Ì § Í¥¶²¥´¨¥ É ±¨Ì Ê· ¢´¥´¨°, ¨ ¸¶µ¸µ¡µ¢ ³¨´¨-
³¨§ Í¨¨ § Í¥¶²¥´¨°. ŒµÐ´Ò° ¶·¨¥³, ³¨´¨³¨§¨·ÊÕÐ¨° § Í¥¶²¥´¨¥, Å µ¤´µ-
¢·¥³¥´´µ¥ ¨¸¶µ²Ó§µ¢ ´¨¥ · §²¨Î´ÒÌ ¸¨¸É¥³ ±µµ·¤¨´ É ¨ · §¡¨¥´¨¥ ¨¸±µ³µ°
ËÊ´±Í¨¨ ´  ¢¸¶µ³µ£ É¥²Ó´Ò¥ ±µ³¶µ´¥´ÉÒ. �ÉµÉ ¶·¨¥³ Î ¸Éµ ¨¸¶µ²Ó§Ê¥É¸Ö ¢
³µ²¥±Ê²Ö·´µ°,  Éµ³´µ° ¨ Ö¤¥·´µ° Ë¨§¨±¥ ¨ ¶µ§¢µ²Ö¥É ¸ÊÐ¥¸É¢¥´´µ Ê¶·µ¸É¨ÉÓ
± ± ³ É¥³ É¨Î¥¸±ÊÕ ¶µ¸É ´µ¢±Ê § ¤ Î¨ ´¥¸±µ²Ó±¨Ì Î ¸É¨Í, É ± ¨ ¶µ¸²¥¤ÊÕ-
Ð¨¥  ´ ²¨É¨Î¥¸±µ¥ ¨ Î¨¸²¥´´µ¥ ¨¸¸²¥¤µ¢ ´¨Ö Ê¦¥ ¶µ¸É ¢²¥´´µ° § ¤ Î¨.

Ÿ·±¨° ¶·¨³¥· ¢ÒÏ¥¸± § ´´µ£µ Å Ë ¤¤¥¥¢¸±µ¥ · §¡¨¥´¨¥ [21] É·¥ÌÎ -
¸É¨Î´µ° T -³ É·¨ÍÒ ´  É·¨ Ê· ¢´¥´¨Ö ¤²Ö ¥¥ ±µ³¶µ´¥´É Ti(pi,qi), § ¶¨¸ ´-
´ÒÌ ¢ ¨Ì ¸µ¡¸É¢¥´´ÒÌ ±µµ·¤¨´ É Ì Å ¨³¶Ê²Ó¸ Ì Ÿ±µ¡¨ pi,qi, ¸µ¶·Ö¦¥´´ÒÌ
±µµ·¤¨´ É ³ Ÿ±µ¡¨ xi,yi. ˆ³¥´´µ É ±µ¥ · §¡¨¥´¨¥ ¨ ¸¶µ¸µ¡ § ¶¨¸¨ ¶µ-
§¢µ²¨²¨ ” ¤¤¥¥¢Ê ¢¶¥·¢Ò¥ ³ É¥³ É¨Î¥¸±¨ ±µ··¥±É´µ ¸Ëµ·³Ê²¨·µ¢ ÉÓ ¢ ¥£µ
· ¡µÉ¥ [75] § ¤ ÎÊ É·¥Ì Î ¸É¨Í ¸ ¶ ·´Ò³¨ ±µ·µÉ±µ¤¥°¸É¢ÊÕÐ¨³¨ ¶µÉ¥´Í¨ -
² ³¨.

‚ ³¥Éµ¤¥ £¨¶¥·£ ·³µ´¨± [25Ä27] µ¤´µ¢·¥³¥´´µ¥ ¨¸¶µ²Ó§µ¢ ´¨¥ É·¥Ì (i =
= 1, 2, 3) ¸¨¸É¥³ £¨¶¥·¸Ë¥·¨Î¥¸±¨Ì ±µµ·¤¨´ É (r,Ωi) ¶µ§¢µ²Ö¥É §´ Î¨É¥²Ó´µ
Ê¶·µ¸É¨ÉÓ ¨ Ê´¨Ë¨Í¨·µ¢ ÉÓ ¢ÒÎ¨¸²¥´¨¥ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¶ ·´ÒÌ ¢§ ¨-
³µ¤¥°¸É¢¨° ¢ £¨¶¥·¸Ë¥·¨Î¥¸±µ³ ¡ §¨¸¥ [76].

�¤´µ¢·¥³¥´´µ¥ ¨¸¶µ²Ó§µ¢ ´¨¥ ´¥¸±µ²Ó±¨Ì ¸¨¸É¥³ ±µµ·¤¨´ É ´¥¢µ§³µ¦´µ
¡¥§ §´ ´¨Ö § ±µ´µ¢ ¶·¥µ¡· §µ¢ ´¨Ö µ¶¥· Éµ·µ¢, ¡ §¨¸´ÒÌ, ¢¸¶µ³µ£ É¥²Ó´ÒÌ
¨ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ¶·¨ ¶¥·¥Ìµ¤¥ µÉ µ¤´µ° ¸¨¸É¥³Ò ±µµ·¤¨´ É ± ¤·Ê£µ°.
�·¥µ¡· §µ¢ ´¨Ö µ¶¥· Éµ·µ¢ ¶ ·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°, Ê£²µ¢ÒÌ ³µ³¥´Éµ¢ ¨
¸Ë¥·¨Î¥¸±¨Ì ËÊ´±Í¨° ¶·¨ µÉ· ¦¥´¨¨, ¸¤¢¨£¥ ¨ ¢· Ð¥´¨¨ ¸¨¸É¥³ ±µµ·¤¨-
´ É ¢ R3

x ÉÐ É¥²Ó´µ ¨¸¸²¥¤µ¢ ´Ò [22,23]. „²Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ³´µ£¨Ì
¤¢ÊÌÎ ¸É¨Î´ÒÌ µ¶¥· Éµ·µ¢, ¤¥°¸É¢ÊÕÐ¨Ì ¢ R3

x, ¨§¢¥¸É´Ò Ö¢´Ò¥ ¢Ò· ¦¥´¨Ö ¨
· §¢¨ÉÒ ÔËË¥±É¨¢´Ò¥  ²£¥¡· ¨Î¥¸±¨¥ ³¥Éµ¤Ò ¢ÒÎ¨¸²¥´¨Ö [22Ä24]. �·¥µ¡· -
§µ¢ ´¨Ö É·¥ÌÎ ¸É¨Î´ÒÌ µ¶¥· Éµ·µ¢, Ê£²µ¢ÒÌ ¡ §¨¸µ¢ ¨ · §²¨Î´ÒÌ ¢¸¶µ³µ£ -
É¥²Ó´ÒÌ ËÊ´±Í¨° ¶·¨ Í¨±²¨Î¥¸±µ° ¶¥·¥¸É ´µ¢±¥ Î ¸É¨Í ¢ R6 (¨²¨ ¶¥·¥Ìµ¤¥
µÉ µ¤´µ£µ ´ ¡µ·  ±µµ·¤¨´ É Ÿ±µ¡¨ ± ¤·Ê£µ³Ê) ¨§ÊÎ¥´Ò ´¥ ¸Éµ²Ó ¶µ¤·µ¡´µ.
�µÔÉµ³Ê ¢ · §¤. 2 ¤ ´ µ·¨£¨´ ²Ó´Ò°  ´ ²¨§ ¡µ²¥¥ µ¡Ð¥£µ, Î¥³ Í¨±²¨Î¥¸± Ö
¶¥·¥¸É ´µ¢±  Î ¸É¨Í, ±¨´¥³ É¨Î¥¸±µ£µ ¶·¥µ¡· §µ¢ ´¨Ö ±µµ·¤¨´ É, µ¶¥· Éµ-
·µ¢ ¨ Ê£²µ¢ÒÌ ¡ §¨¸µ¢. �¸µ¡µ¥ ¢´¨³ ´¨¥ Ê¤¥²¥´µ ¨¸¸²¥¤µ¢ ´¨Õ µ¡Ð¨Ì ¨
²µ± ²Ó´ÒÌ ¸¢µ°¸É¢ Ö¤¥· ¨´É¥£· ²Ó´ÒÌ µ¶¥· Éµ·µ¢ Ë ¤¤¥¥¢¸±¨Ì Ê· ¢´¥´¨° ¢
R2

+ ¨ ±µÔËË¨Í¨¥´Éµ¢ Ê´¨É ·´µ£µ ¶·¥µ¡· §µ¢ ´¨Ö £¨¶¥·£ ·³µ´¨± ¶·¨ ¶¥·¥-
Ìµ¤¥ (r,Ωi) → (r,Ωk). ‘Éµ¨É µÉ³¥É¨ÉÓ, ÎÉµ ¶·¨ ` = L = 0, 1, 2, 3 Ö¢´Ò¥
¢Ò· ¦¥´¨Ö ¤²Ö É ±¨Ì ±µÔËË¨Í¨¥´Éµ¢ ¢Ò¢¥¤¥´Ò �µ£µ¸²µ¢¸±¨³ ¨ Š²¥¶¨±µ-
¢Ò³ [77], a ¢ µ¡Ð¥³ ¸²ÊÎ ¥ Å ¶µ²ÊÎ¥´Ò ¶µ§¦¥ �¥°´ ²µ³ ¨ �¥¢ ¨ [78]. Šµ-
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ÔËË¨Í¨¥´ÉÒ �¥°´ ² Å�¥¢ ¨ Å Ï¥¸É¨±· É´Ò¥ ¸Ê³³Ò, ¸µ¤¥·¦ Ð¨e 3j- ¨ 9j-
¸¨³¢µ²Ò ¨ É·¨£µ´µ³¥É·¨Î¥¸±¨¥ ËÊ´±Í¨¨ É ± ´ §Ò¢ ¥³µ£µ ±¨´¥³ É¨Î¥¸±µ£µ
Ê£²  γ. ‘Éµ²Ó ¸²µ¦´µ¥ ¶·¥¤¸É ¢²¥´¨¥ µ± § ²µ¸Ó ±· °´¥ ´¥Ê¤µ¡´Ò³ ¸ ¢ÒÎ¨¸²¨-
É¥²Ó´µ° ÉµÎ±¨ §·¥´¨Ö. �µÔÉµ³Ê ¢¶µ¸²¥¤¸É¢¨¨ ¤²Ö ±µÔËË¨Í¨¥´Éµ¢ �¥°´ ² Å
�¥¢ ¨ ¡Ò²¨ ¢Ò¢¥¤¥´Ò · §´µµ¡· §´Ò¥ ·¥±Ê··¥´É´Ò¥ ¸µµÉ´µÏ¥´¨Ö [25,79Ä81],
¸¨¸É¥³Ò ²¨´¥°´ÒÌ Ê· ¢´¥´¨° [72,79,82], ¨´É¥£· ²Ó´µ¥ ¨ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥
¶·¥¤¸É ¢²¥´¨Ö [65,72].

�¤´ ±µ ·¥±Ê··¥´É´Ò¥ ¸µµÉ´µÏ¥´¨Ö ¸²¨Ï±µ³ ¸²µ¦´Ò ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö
 ´ ²¨É¨Î¥¸±¨x ¸¢µ°¸É¢ ±µÔËË¨Í¨¥´Éµ¢ �¥°´ ² Å�¥¢ ¨ ± ± ËÊ´±Í¨° ±¨´¥³ -
É¨Î¥¸±µ£µ Ê£²  γ. ‡´ ´¨¥ É ±¨Ì ¸¢µ°¸É¢ ´¥µ¡Ìµ¤¨³µ ´¥ Éµ²Ó±µ ¤²Ö Ê¸±µ·¥´¨Ö
¢ÒÎ¨¸²¥´¨° · §²¨Î´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¢ ¡ §¨¸¥ £¨¶¥·£ ·³µ´¨± [25] ¨
¶µ¸É·µ¥´¨Ö ËÊ´±Í¨° ¸ ´ ¶¥·¥¤ § ¤ ´´µ° ¸¨³³¥É·¨¥° [81,83Ä86], ´µ ¨ ¤²Ö
¸Ê³³¨·µ¢ ´¨Ö ¢ Ö¢´µ³ ¢¨¤¥ · §²¨Î´ÒÌ ·Ö¤µ¢, ¸µ¤¥·¦ Ð¨Ì ±µÔËË¨Í¨¥´ÉÒ
�¥°´ ² Å�¥¢ ¨. ‡ ¤ Î¨ µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ´¥±µÉµ·ÒÌ ÉµÎ´ÒÌ [66] ¨ ²µ¦-
´ÒÌ [67Ä71] ·¥Ï¥´¨° Ê· ¢´¥´¨° ” ¤¤¥¥¢  ¸¢µ¤ÖÉ¸Ö ± µ¶·¥¤¥²¥´¨Õ §´ Î¥´¨°
¶ · ³¥É·  γ, ¶·¨ ±µÉµ·ÒÌ · §·¥Ï¨³Ò  ²£¥¡· ¨Î¥¸±¨¥ ¸¨¸É¥³Ò Ê· ¢´¥´¨°,
¸µ¤¥·¦ Ð¨¥ ±µÔËË¨Í¨¥´ÉÒ �¥°´ ² Å�¥¢ ¨. ‡ ¤ Î  ¸Ê³³¨·µ¢ ´¨Ö ·Ö¤µ¢, ¸µ-
¤¥·¦ Ð¨Ì ÔÉ¨ ±µÔËË¨Í¨¥´ÉÒ, ¢µ§´¨± ¥É ¶·¨ ¨¸¸²¥¤µ¢ ´¨¨  ¸¨³¶ÉµÉ¨± É·¥Ì-
Î ¸É¨Î´ÒÌ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ¨ ¨Ì Ë ¤¤¥¥¢¸±¨Ì ±µ³¶µ´¥´É ¢ µ±·¥¸É´µ¸É¨
ÉµÎ±¨ É·µ°´µ£µ ¸Éµ²±´µ¢¥´¨Ö [64,68].

’ ±¨³ µ¡· §µ³, ¨³¥¥É¸Ö Ï¨·µ±¨° ±·Ê£ ¶·µ¡²¥³, ·¥Ï¥´¨¥ ±µÉµ·ÒÌ ´¥¢µ§-
³µ¦´µ ¡¥§ ¶·¥¤¢ ·¨É¥²Ó´µ£µ ¨¸¸²¥¤µ¢ ´¨Ö µ¡Ð¨Ì ¨ ²µ± ²Ó´ÒÌ ¸¢µ°¸É¢ ±µÔË-
Ë¨Í¨¥´Éµ¢ �¥°´ ² Å�¥¢ ¨ ± ± ËÊ´±Í¨° ±¨´¥³ É¨Î¥¸±µ£µ Ê£² . ˆ¸¸²¥¤µ¢ -
´¨Õ É ±¨Ì ¸¢µ°¸É¢ ¶µ¸¢ÖÐ¥´Ò · ¡µÉÒ [58,65,72]. ˆ§²µ¦¥´¨¥³ ¨Ì µ¸´µ¢´ÒÌ
·¥§Ê²ÓÉ Éµ¢ ¨ ´¥±µÉµ·ÒÌ µ·¨£¨´ ²Ó´ÒÌ Î¨¸²¥´´ÒÌ  ²£µ·¨É³µ¢ § ¢¥·Ï ¥É¸Ö
· §¤. 2.

‘²¥¤ÊÕÐ¨° · §¤¥² ´ Î¨´ ¥É¸Ö ¸ µÉ¸ÊÉ¸É¢ÊÕÐ¥£µ ¢ ²¨É¥· ÉÊ·¥ ¶µ¤·µ¡´µ£µ
¨ ¥¤¨´µµ¡· §´µ£µ µ¶¨¸ ´¨Ö ¸É·µ¥´¨° É·¥ÌÎ ¸É¨Î´ÒÌ Ê· ¢´¥´¨° ˜·¥¤¨´£¥· 
¨ ” ¤¤¥¥¢  ¢ ¡¨¸Ë¥·¨Î¥¸±µ³ ¨ £¨¶¥·¸Ë¥·¨Î¥¸±µ³ ¡ §¨¸ Ì ¨ µ¡Ð¨Ì  ´ ²¨É¨-
Î¥¸±¨x ¸¢µ°¸É¢ ·¥Ï¥´¨° É ±¨Ì Ê· ¢´¥´¨°.

Œ É¥³ É¨Î¥¸±¨ ±µ··¥±É´ Ö Ëµ·³Ê²¨·µ¢±  ±¢ ´Éµ¢µ° § ¤ Î¨ É·¥Ì Î ¸É¨Í
¸ ¶ ·´Ò³¨ ±µ·µÉ±µ¤¥°¸É¢ÊÕÐ¨³¨ ¶µÉ¥´Í¨ ² ³¨ ¢¶¥·¢Ò¥ ¡Ò²  ¤ ´  ” ¤¤¥-
¥¢Ò³ ¢ ¨³¶Ê²Ó¸´µ³ ¶·µ¸É· ´¸É¢¥ [75]. �µ§¤´¥¥ ´ ·Ö¤Ê ¸ ¨´É¥£· ²Ó´Ò³¨
Ê· ¢´¥´¨Ö³¨ ” ¤¤¥¥¢  ¤²Ö ±µ³¶µ´¥´É T -³ É·¨ÍÒ ¸É ²¨ ¨´É¥´¸¨¢´µ ¶·¨³¥-
´ÖÉÓ¸Ö ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ Ê· ¢´¥´¨Ö ” ¤¤¥¥¢  ¤²Ö É·¥Ì ±µ³¶µ´¥´É Ψi ¢µ²´µ-
¢µ° ËÊ´±Í¨¨ Ψ = Ψ1 + Ψ2 + Ψ3 ¢ Ï¥¸É¨³¥·´µ³ ±µµ·¤¨´ É´µ³ ¶·µ¸É· ´¸É¢¥
R6. ƒ² ¢´ Ö ¶·µ¡²¥³  ±¢ ´Éµ¢µ° É¥µ·¨¨ É·¥Ì Î ¸É¨Í ¢ ±µµ·¤¨´ É´µ³ ¶·µ-
¸É· ´¸É¢¥ § ±²ÕÎ ² ¸Ó ¢ ¢Ò¢µ¤¥ Ë¨§¨Î¥¸±¨Ì £· ´¨Î´ÒÌ Ê¸²µ¢¨° ¢ ¶·¥¤¥²¥
¡µ²ÓÏ¨Ì µÉ´µ¸¨É¥²Ó´ÒÌ · ¸¸ÉµÖ´¨° ³¥¦¤Ê Î ¸É¨Í ³¨, £ · ´É¨·ÊÕÐ¨Ì ¸ÊÐ¥-
¸É¢µ¢ ´¨¥ ¨ ¥¤¨´¸É¢¥´´µ¸ÉÓ ·¥Ï¥´¨° Ê· ¢´¥´¨° ” ¤¤¥¥¢ . �¸´µ¢´µ° ¢±² ¤ ¢
·¥Ï¥´¨¥ ÔÉµ° ¸²µ¦´µ° § ¤ Î¨ ¡Ò² ¸¤¥² ´ Œ¥·±Ê·Ó¥¢Ò³ ¢ ¥£µ ¸µ¡¸É¢¥´´ÒÌ
· ¡µÉ Ì ¨ · ¡µÉ Ì, ¢Ò¶µ²´¥´´ÒÌ ¢ ¸µ ¢Éµ·¸É¢¥. Œ´µ£µÎ¨¸²¥´´Ò¥ ¸¸Ò²±¨ ´ 
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ÔÉ¨ · ¡µÉÒ ¨  ²ÓÉ¥·´ É¨¢´Ò¥ ¨¸¸²¥¤µ¢ ´¨Ö ¤ ´Ò ¢ ±´¨£¥ [21] ¨ ¶µ¤·µ¡´ÒÌ
µ¡§µ· Ì [87Ä91].

“· ¢´¥´¨Ö ” ¤¤¥¥¢  ¢ R2
+ Ö¢²ÖÕÉ¸Ö ¨´É¥£·µ¤¨ËË¥·¥´Í¨ ²Ó´Ò³¨ Ê· ¢-

´¥´¨Ö³¨ ¤²Ö ´¥¨§¢¥¸É´ÒÌ ¡¨¸Ë¥·¨Î¥¸±¨Ì ±µ³¶µ´¥´É, § ¢¨¸ÖÐ¨Ì µÉ ¤¢ÊÌ  ·-
£Ê³¥´Éµ¢ x ¨ y ¨²¨ r ¨ ϕ. ˆ´É¥´¸¨¢´µ¥ ¨¸¸²¥¤µ¢ ´¨¥ ¨ ¶· ±É¨Î¥¸±µ¥ ¶·¨-
³¥´¥´¨¥ ¨´É¥£·µ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ¡Ò²µ µ¡Ê¸²µ¢²¥´µ ¤¢Ê³Ö µ¡-
¸ÉµÖÉ¥²Ó¸É¢ ³¨. ‚µ-¶¥·¢ÒÌ, É¥³, ÎÉµ ¸ÊÐ¥¸É¢µ¢ ´¨¥ ¨ ¥¤¨´¸É¢¥´´µ¸ÉÓ ·¥Ï¥-
´¨° É ±¨Ì Ê· ¢´¥´¨° Ê¸É ´µ¢²¥´Ò ¤²Ö Ï¨·µ±µ£µ ±² ¸¸  ²µ± ²Ó´ÒÌ ¶ ·´ÒÌ
¢§ ¨³µ¤¥°¸É¢¨° [21] ¢ ¸²ÊÎ ¥ ± ± ´¥°É· ²Ó´ÒÌ, É ± ¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í.
‚µ-¢Éµ·ÒÌ, É¥³, ÎÉµ ¨´É¥£· ²Ó´Ò¥ µ¶¥· Éµ·Ò ¤¥°¸É¢ÊÕÉ ²¨ÏÓ ´  µ¤´Ê ¶¥-
·¥³¥´´ÊÕ ϕ. �µÔÉµ³Ê ¤¨¸±·¥É¨§ Í¨¥° ¨´É¥£·µ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ Ê· ¢´¥´¨Ö
¸¢µ¤ÖÉ¸Ö ± ¸¨¸É¥³¥ ²¨´¥°´ÒÌ Ê· ¢´¥´¨° ¸ ²¥´ÉµÎ´µ° ³ É·¨Í¥° [59,88,92].
ˆ³¥´´µ · §·Ö¦¥´´µ¸ÉÓ ³ É·¨ÍÒ ²¨´¥°´µ° § ¤ Î¨ ¢ ¸µÎ¥É ´¨¨ ¸ ¶·µ¸ÉÒ³¨
£· ´¨Î´Ò³¨ Ê¸²µ¢¨Ö³¨ ¨ µ¡Ê¸² ¢²¨¢ ¥É Ï¨·µ±µ¥ ¶· ±É¨Î¥¸±µ¥ ¶·¨³¥´¥´¨¥
¨´É¥£·µ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö · §²¨Î´ÒÌ ¸¢µ°¸É¢
É·¥ÌÎ ¸É¨Î´ÒÌ ¸¨¸É¥³. ‘ ÔÉµ° Í¥²ÓÕ ¡Ò²¨ · §¢¨ÉÒ · §´µµ¡· §´Ò¥ Î¨¸²¥´´Ò¥
 ²£µ·¨É³Ò, µ¸´µ¢ ´´Ò¥ ´  ±µ´¥Î´µ-· §´µ¸É´µ°  ¶¶·µ±¸¨³ Í¨¨ [88],  ¶¶·µ±-
¸¨³ Í¨¨ ±Ê¡¨Î¥¸±¨³¨ Ô·³¨Éµ¢Ò³¨ ¸¶² °´ ³¨ [92Ä94] ¨ ±Ê¡¨Î¥¸±¨³¨ ¸¶² °-
´ ³¨, µ¡² ¤ ÕÐ¨³¨ ¢Éµ·Ò³¨ ´¥¶·¥·Ò¢´Ò³¨ ¶·µ¨§¢µ¤´Ò³¨ [59]. �¥¤ ¢´µ
¡Ò² ¶·¥¤²µ¦¥´ ³¥Éµ¤ ¸¨²Ó´µ° ¸¢Ö§¨ ± ´ ²µ¢ ¤²Ö Ê· ¢´¥´¨° ” ¤¤¥¥¢  [95].
�·¥¨³ÊÐ¥¸É¢  ÔÉµ£µ ¶µ¤Ìµ¤  ¶µ ¸· ¢´¥´¨Õ ¸ ³¥Éµ¤µ³ ±µ´¥Î´µ³¥·´ÒÌ  ¶-
¶·µ±¸¨³ Í¨° £ ³¨²ÓÉµ´¨ ´µ¢ ¶µ¤¸¨¸É¥³, · §¢¨ÉÒ³ ¢ · ¡µÉ Ì [29Ä38] ¢ · ³-
± Ì ³´µ£µÎ ¸É¨Î´µ£µ Ê· ¢´¥´¨Ö ‹¨¶¶³ ´ Å˜¢¨´£¥· , ¸Éµ¨É ¶µÖ¸´¨ÉÓ ¡µ²¥¥
¶µ¤·µ¡´µ. Œ¥Éµ¤ ±µ´¥Î´µ³¥·´ÒÌ  ¶¶·µ±¸¨³ Í¨° ¤²Ö É ±µ£µ Ê· ¢´¥´¨Ö ¨³¥¥É
¸²¨Ï±µ³ Ê§±ÊÕ µ¡² ¸ÉÓ ¶·¨³¥´¥´¨Ö [35], µ£· ´¨Î¥´´ÊÕ µÉ·¨Í É¥²Ó´Ò³¨ §´ -
Î¥´¨Ö³¨ ¶µ²´µ° Ô´¥·£¨¨ ¸¨¸É¥³Ò. �ÉµÉ ³¥Éµ¤, ¢ ¶·¨´Í¨¶¥, ´¥ ¶µ§¢µ²Ö¥É
ÊÎ¥¸ÉÓ ´¥¶·¥·Ò¢´Ò¥ ¸¶¥±É·Ò ¢¸¥Ì ¶µ¤¸¨¸É¥³,   ¶·¨ ¶· ±É¨Î¥¸±µ³ ¶·¨³¥´¥-
´¨¨ É·¥¡Ê¥É  ¶¶·µ±¸¨³ Í¨¨ ¶ ·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¸¥¶ · ¡¥²Ó´Ò³¨ ¶µÉ¥´-
Í¨ ² ³¨ ±µ´¥Î´µ£µ · ´£ . ’·¨ Ê¶µ³Ö´ÊÉÒÌ µ£· ´¨Î¥´¨Ö µ± §Ò¢ ÕÉ¸Ö ´¥¸Ê-
Ð¥¸É¢¥´´Ò³¨ ¢ ³¥Éµ¤¥ ¸¨²Ó´µ° ¸¢Ö§¨ ± ´ ²µ¢ ¤²Ö Ê· ¢´¥´¨° ” ¤¤¥¥¢  [95],
µ¸´µ¢ ´´µ³ ´  · §²µ¦¥´¨¨ ±µ³¶µ´¥´É ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¶µ ¡ §¨¸ ³ ¨§ ¸µ¡-
¸É¢¥´´ÒÌ ËÊ´±Í¨° £ ³¨²ÓÉµ´¨ ´µ¢ ¤¢ÊÌÎ ¸É¨Î´ÒÌ ¶µ¤¸¨¸É¥³ [96]. �ÉµÉ ³¥-
Éµ¤ ¡ §¨·Ê¥É¸Ö ´  Ê· ¢´¥´¨ÖÌ ” ¤¤¥¥¢  ¨ ¶µÔÉµ³Ê µ¡² ¤ ¥É ·Ö¤µ³ ¶·¥¨³Ê-
Ð¥¸É¢ ¶µ ¸· ¢´¥´¨Õ ¸ ³¥Éµ¤µ³ ¸¨²Ó´µ° ¸¢Ö§¨ ± ´ ²µ¢ ¤²Ö Ê· ¢´¥´¨Ö ˜·¥-
¤¨´£¥·  [14]. Š ± µÉ³¥Î ²µ¸Ó ¢ · ¡µÉ¥ [95], £² ¢´µ¥ ¨§ ´¨Ì Å µÉ¸ÊÉ¸É¢¨¥
¢ µ±µ´Î É¥²Ó´ÒÌ Ê· ¢´¥´¨ÖÌ Î²¥´µ¢, ¸¢Ö§ ´´ÒÌ ¸ ´¥µ·Éµ£µ´ ²Ó´µ¸ÉÓÕ ± ´ -
²µ¢ · ¸¸¥Ö´¨Ö [97,98], ¨ ¢µ§³µ¦´µ¸ÉÓ ¸É·µ£µ£µ ÊÎ¥É  ¢±² ¤µ¢ ´¥¶·¥·Ò¢´µ£µ
¸¶¥±É·  ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ±² ¸É¥·µ¢.

�ËË¥±É¨¢´µ¸ÉÓ ¢¸¥Ì ¸¶µ¸µ¡µ¢ ¤¨¸±·¥É¨§ Í¨¨ ¨´É¥£·µ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ
Ê· ¢´¥´¨° ” ¤¤¥¥¢  ¢R2

+ ¸ÊÐ¥¸É¢¥´´µ § ¢¨¸¨É µÉ ¢Ò¡µ·  ¤¢Ê³¥·´µ° ¸¥É±¨ Ê§-
²µ¢. �¶É¨³ ²Ó´Ò° ¢Ò¡µ· µ¶·¥¤¥²Ö¥É¸Ö ± Î¥¸É¢¥´´µ° § ¢¨¸¨³µ¸ÉÓÕ ¨¸±µ³ÒÌ
·¥Ï¥´¨° (¡¨¸Ë¥·¨Î¥¸±¨Ì Ë ¤¤¥¥¢¸±¨Ì ±µ³¶µ´¥´É) µÉ ¨Ì  ·£Ê³¥´Éµ¢. �µÔÉµ³Ê
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§´ ´¨¥  ´ ²¨É¨Î¥¸±¨Ì ¸¢µ°¸É¢ É ±¨Ì ±µ³¶µ´¥´É, ¢ ¶¥·¢ÊÕ µÎ¥·¥¤Ó, ¨Ì ¶µ²´ÒÌ
 ¸¨³¶ÉµÉ¨Î¥¸±¨Ì · §²µ¦¥´¨° ¢¡²¨§¨ ¢¸¥Ì £· ´¨Í µ¡² ¸É¨ R2

+ ¶·¥¤¸É ¢²Ö¥É¸Ö
µ¸µ¡µ ¢ ¦´Ò³ ¨ ¤²Ö Ô±µ´µ³¨§ Í¨¨ ¢ÒÎ¨¸²¨É¥²Ó´ÒÌ  ²£µ·¨É³µ¢. ˆ¸¸²¥¤µ¢ -
´¨¥  ´ ²¨É¨Î¥¸±¨Ì ¸¢µ°¸É¢ ¡¨¸Ë¥·¨Î¥¸±¨Ì Ë ¤¤¥¥¢¸±¨Ì ±µ³¶µ´¥´É § É·Ê¤-
´¥´µ É¥³, ÎÉµ µ´¨ § ¢¨¸ÖÉ µÉ ¤¢ÊÌ ¶¥·¥³¥´´ÒÌ ¨ ¶µ¤Î¨´¥´Ò Ê· ¢´¥´¨Ö³, ¸µ-
¤¥·¦ Ð¨³ ´¥²µ± ²Ó´Ò¥ µ¶¥· Éµ·Ò. �µÔÉµ³Ê ¢ ¦´Ò³ ¨ ¢¶µ²´¥ ¥¸É¥¸É¢¥´´Ò³
¶·¥¤¸É ¢²Ö²¸Ö ¸²¥¤ÊÕÐ¨° Ï £ ·¥¤Ê±Í¨¨, ´ ³¥Î¥´´Ò° Œ ´¤¥²ÓÍ¢¥°£µ³ [99].
�ÉµÉ Ï £ § ±²ÕÎ ¥É¸Ö ¢ · §¤¥²¥´¨¨ ¶¥·¥³¥´´ÒÌ r ¨ ϕ · §²µ¦¥´¨¥³ Ë ¤¤¥-
¥¢¸±¨Ì ¡¨¸Ë¥·¨Î¥¸±¨Ì ±µ³¶µ´¥´É ¶µ ´ ¨¡µ²¥¥ Ê¤µ¡´Ò³ ¡ §¨¸´Ò³ ËÊ´±Í¨Ö³
Ê£²µ¢µ° ¶¥·¥³¥´´µ° ϕ. �¸´µ¢´ Ö ¶·µ¡²¥³  É ±µ£µ · §¤¥²¥´¨Ö § ±²ÕÎ ² ¸Ó
¢ ¢Ò¡µ·¥ ´ ¨¡µ²¥¥ Ê¤µ¡´µ£µ Ê£²µ¢µ£µ ¡ §¨¸  ¨ ¨¸¸²¥¤µ¢ ´¨¨  ´ ²¨É¨Î¥¸±¨Ì
¸¢µ°¸É¢ Ö¤¥· ¨´É¥£· ²Ó´ÒÌ µ¶¥· Éµ·µ¢. „µ¸É ÉµÎ´µ ¶µ²´µ³Ê ·¥Ï¥´¨Õ ÔÉ¨Ì
§ ¤ Î ¡Ò²¨ ¶µ¸¢ÖÐ¥´Ò · ¡µÉÒ [58,67,72]. ‚ ´¨Ì ¨¸¸²¥¤µ¢ ²¸Ö ¶¥·¥Ìµ¤ µÉ
Ê· ¢´¥´¨° ” ¤¤¥¥¢  ¢ ¡¨¸Ë¥·¨Î¥¸±µ³ ¡ §¨¸¥ ± Ê· ¢´¥´¨Ö³ ” ¤¤¥¥¢  ¢ £¨¶¥·-
¸Ë¥·¨Î¥¸±µ³ ¡ §¨¸¥. �´ ²¨§µ³ ÔÉµ£µ ¶¥·¥Ìµ¤  ± ± ¨¸Ìµ¤´µ£µ ÔÉ ¶  µ¡Ñ¥¤¨-
´¥´¨Ö É¥µ·¨¨ ” ¤¤¥¥¢  ¨ ³¥Éµ¤  £¨¶¥·£ ·³µ´¨± § ¢¥·Ï ¥É¸Ö · §¤. 3.

“¶µ³Ö´ÊÉµ¥ µ¡Ñ¥¤¨´¥´¨¥ µÉ±·Ò¢ ¥É ´¥³ ²µ ¢µ§³µ¦´µ¸É¥° ¤²Ö ÉµÎ´µ£µ
·¥Ï¥´¨Ö Ê· ¢´¥´¨° ” ¤¤¥¥¢  ¸ ¶·µ¨§¢µ²Ó´Ò³¨ ¶ ·´Ò³¨ ¢§ ¨³µ¤¥°¸É¢¨Ö³¨.
�¸µ¡µ¥ ³¥¸Éµ ¸·¥¤¨ ³´µ¦¥¸É¢  ÉµÎ´ÒÌ ·¥Ï¥´¨° É·¥ÌÎ ¸É¨Î´ÒÌ Ê· ¢´¥´¨°
” ¤¤¥¥¢  ¸ § ¤ ´´Ò³¨ ¶ ·´Ò³¨ ¢§ ¨³µ¤¥°¸É¢¨Ö³¨ § ´¨³ ÕÉ ·¥Ï¥´¨Ö, ´¥
´¥¸ÊÐ¨¥ ´¨± ±µ° ¨´Ëµ·³ Í¨¨ µ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ. ’ ±¨¥ ´¥É·¨¢¨ ²Ó´Ò¥
(Ψi 6= 0) ·¥Ï¥´¨Ö Ê· ¢´¥´¨° ” ¤¤¥¥¢  µÉ¢¥Î ÕÉ É·¨¢¨ ²Ó´µ° ¢µ²´µ¢µ° ËÊ´±-
Í¨¨ (Ψ ≡ 0) ¨ ´ §Ò¢ ÕÉ¸Ö ²µ¦´Ò³¨ ·¥Ï¥´¨Ö³¨ ¨²¨ ·¥Ï¥´¨Ö³¨-¶·¨§· ± ³¨.
” ±É ¸ÊÐ¥¸É¢µ¢ ´¨Ö ²µ¦´ÒÌ ·¥Ï¥´¨° µÉ³¥Î ²¸Ö ³´µ£¨³¨  ¢Éµ· ³¨ µ¡§µ·-
´ÒÌ [100,101] ¨ µ·¨£¨´ ²Ó´ÒÌ · ¡µÉ [57,66Ä68,102Ä107]. �¡Ð¨¥ ¸¢µ°¸É¢ 
É·¥ÌÎ ¸É¨Î´µ£µ £ ³¨²ÓÉµ´¨ ´ , ¶µ·µ¦¤ ÕÐ¨¥ ²µ¦´Ò¥ ·¥Ï¥´¨Ö ¨ É ±¨¥ µ¡-
Ð¨¥ ¢µ¶·µ¸Ò, ± ± ¶µ²´µÉ  ¶·µ¸É· ´¸É¢  ²µ¦´ÒÌ ¨ Ë¨§¨Î¥¸±¨Ì ·¥Ï¥´¨°,
¨¸¸²¥¤µ¢ ²¨¸Ó ¢ · ¡µÉ Ì [102Ä105]. � ¨¡µ²¥¥ §´ Î¨³µ¥ ¤²Ö ¸¶¥±É· ²Ó´µ°
É¥µ·¨¨ Ë ¤¤¥¥¢¸±¨Ì É·¥ÌÎ ¸É¨Î´ÒÌ Ê· ¢´¥´¨° ÊÉ¢¥·¦¤¥´¨¥ ¤µ± § ´µ Ÿ±µ¢²¥-
¢Ò³ [105] ¢ ¸²ÊÎ ¥ ¶µ²´µ£µ É·¥ÌÎ ¸É¨Î´µ£µ £ ³¨²ÓÉµ´¨ ´  ¸ Î¨¸Éµ ¤¨¸±·¥É-
´Ò³ ¸¶¥±É·µ³. ‚ ÔÉµ³ ¸²ÊÎ ¥ ³ É·¨Î´Ò¥ µ¶¥· Éµ·Ò, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ É·¥Ì-
Î ¸É¨Î´Ò³ Ê· ¢´¥´¨Ö³ ” ¤¤¥¥¢  ¨ ¸µ¶·Ö¦¥´´Ò³ Ê· ¢´¥´¨Ö³, ¨³¥ÕÉ ¤¢  É¨¶ 
¨´¢ ·¨ ´É´ÒÌ ¶·µ¸É· ´¸É¢. �  ¶·µ¸É· ´¸É¢ Ì ¶¥·¢µ£µ É¨¶  ¸¶¥±É· µ¶¥· Éµ-
·µ¢ ¸µ¢¶ ¤ ¥É ¸µ ¸¶¥±É·µ³ ¶µ²´µ£µ £ ³¨²ÓÉµ´¨ ´ , ´  ¶·µ¸É· ´¸É¢ Ì ¢Éµ·µ£µ
É¨¶  ÔÉ¨ ¦¥ µ¶¥· Éµ·Ò Ô±¢¨¢ ²¥´É´Ò ¸¢µ¡µ¤´µ³Ê É·¥ÌÎ ¸É¨Î´µ³Ê £ ³¨²ÓÉµ-
´¨ ´Ê.

‚ Ö¢´µ³ ¢¨¤¥ ²µ¦´Ò¥ ·¥Ï¥´¨Ö ¤²Ö ¸¨¸É¥³Ò É·¥Ì Éµ¦¤¥¸É¢¥´´ÒÌ Î ¸É¨Í,
¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ¶µ¸·¥¤¸É¢µ³ S-¢µ²´µ¢ÒÌ ¶ ·´ÒÌ ¶µÉ¥´Í¨ ²µ¢ ¨ ´ Ìµ¤Ö-
Ð¨Ì¸Ö ¢ ¸µ¸ÉµÖ´¨¨ ¸ ¶µ²´Ò³ Ê£²µ¢Ò³ ³µ³¥´Éµ³ ` = 0, ¡Ò²¨ ´ °¤¥´Ò ¢ · ¡µ-
É Ì [57,67,106,107]. ‹µ¦´Ò¥ ·¥Ï¥´¨Ö ¤²Ö É ±µ° ¦¥ ¸¨¸É¥³Ò, ´µ ¢ ¸µ¸ÉµÖ´¨¨
¸ ` = 1, Ê¶µ³¨´ ²¨¸Ó ¢ · ¡µÉ Ì [66,68]. „²Ö ¶·µ¨§¢µ²Ó´µ° É·¥ÌÎ ¸É¨Î´µ°
¸¨¸É¥³Ò ¸ ¶ ·´Ò³¨ Í¥´É· ²Ó´Ò³¨ ¶µÉ¥´Í¨ ² ³¨ ±·¨É¥·¨° ¸ÊÐ¥¸É¢µ¢ ´¨Ö
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²µ¦´ÒÌ ·¥Ï¥´¨°, µ¡² ¤ ÕÐ¨Ì ´ ¶¥·¥¤ § ¤ ´´Ò³ `, ¡Ò² ¢¶¥·¢Ò¥ ¤µ± § ´ ¢
· ¡µÉ¥ [71]. ‹µ¦´Ò¥ ·¥Ï¥´¨Ö ¤²Ö ¸¨¸É¥³ ¨§ É·¥Ì Éµ¦¤¥¸É¢¥´´ÒÌ ¡µ§µ´µ¢
¨²¨ Ë¥·³¨µ´µ¢ ¢ ¸µ¸ÉµÖ´¨ÖÌ ¸ ` = 0 ¶µ²ÊÎ¥´Ò ¢ Ö¢´µ³ ¢¨¤¥ ¢ · ¡µÉ¥ [108].

“· ¢´¥´¨Ö, µ¶·¥¤¥²ÖÕÐ¨¥ ²µ¦´Ò¥ ·¥Ï¥´¨Ö, ´¥ ¸µ¤¥·¦ É ¶µÉ¥´Í¨ ²Ò.
�µÔÉµ³Ê ²µ¦´Ò¥ ·¥Ï¥´¨Ö, ´ °¤¥´´Ò¥  ´ ²¨É¨Î¥¸±¨, ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ
± ± Ê´¨¢¥·¸ ²Ó´Ò¥ ÔÉ ²µ´´Ò¥ ËÊ´±Í¨¨ ¤²Ö É¥¸É¨·µ¢ ´¨Ö  ²£µ·¨É³µ¢ Î¨¸²¥´-
´µ£µ ·¥Ï¥´¨Ö Ë ¤¤¥¥¢¸±¨Ì Ê· ¢´¥´¨° ¸ ¶·µ¨§¢µ²Ó´Ò³¨ ¢§ ¨³µ¤¥°¸É¢¨Ö³¨.
‘ÊÐ¥¸É¢µ¢ ´¨¥ ²µ¦´ÒÌ ·¥Ï¥´¨° ¨´µ£¤  µÏ¨¡µÎ´µ É· ±ÉÊ¥É¸Ö ± ± ´¥Ô±¢¨-
¢ ²¥´É´µ¸ÉÓ É·¥ÌÎ ¸É¨Î´µ£µ Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥·  ¨ µÉ¢¥Î ÕÐ¨Ì ¥³Ê Ê· ¢-
´¥´¨° ” ¤¤¥¥¢ . ’ ±µ¥ ¶µ´¨³ ´¨¥ ¶µ·µ¦¤ ¥É¸Ö £² ¢´Ò³ µ¡· §µ³ ´¥µ¤´µ-
§´ Î´µ° · §·¥Ï¨³µ¸ÉÓÕ Ê· ¢´¥´¨° ” ¤¤¥¥¢ , ´¥ ¤µ¶µ²´¥´´ÒÌ Ë¨§¨Î¥¸±¨³¨
£· ´¨Î´Ò³¨ Ê¸²µ¢¨Ö³¨ ¨²¨ ¦¥ ¸µ¤¥·¦ Ð¨Ì ¶µÉ¥´Í¨ ²Ò, ¤²Ö ±µÉµ·ÒÌ Ë ±É
¸ÊÐ¥¸É¢µ¢ ´¨Ö ¨ ¥¤¨´¸É¢¥´´µ¸É¨ Ë ¤¤¥¥¢¸±µ° ±· ¥¢µ° § ¤ Î¨ ´¥ Ê¸É ´µ¢²¥´.
ˆ§ ¶µ¸²¥¤´¨Ì § ³¥Î ´¨° Ö¸´µ, ÎÉµ µ¡¸Ê¦¤¥´¨¥ ¨§¢¥¸É´ÒÌ ¸¢µ°¸É¢ ²µ¦´ÒÌ
·¥Ï¥´¨° ¨ ¶·µ¡²¥³, ¶µ·µ¦¤ ¥³ÒÌ ÔÉ¨³¨ ¸¢µ°¸É¢ ³¨, ¶·¥¤¸É ¢²Ö¥É¸Ö µ¸µ¡µ
¢ ¦´Ò³ ¨ ¨´É¥·¥¸´Ò³. �´ ²¨§µ³ µ¡Ð¨Ì ¸¢µ°¸É¢ ²µ¦´ÒÌ ·¥Ï¥´¨° ´ Î¨´ -
¥É¸Ö · §¤. 4, ¶µ¸¢ÖÐ¥´´Ò° ÉµÎ´Ò³ ·¥Ï¥´¨Ö³ Ê· ¢´¥´¨° ” ¤¤¥¥¢ . ’µÎ´Ò¥
·¥Ï¥´¨Ö ¨§¢¥¸É´Ò ²¨ÏÓ ¤²Ö ´¥±µÉµ·ÒÌ ¶µÉ¥´Í¨ ²µ¢. Š ´¨³ µÉ´µ¸ÖÉ¸Ö ¶µÉ¥´-
Í¨ ² £ ·³µ´¨Î¥¸±µ£µ µ¸Í¨²²ÖÉµ·  [57,106] ¨ ¶µÉ¥´Í¨ ², Ê¡Ò¢ ÕÐ¨° µ¡· É´µ
¶·µ¶µ·Í¨µ´ ²Ó´µ ±¢ ¤· ÉÊ · ¸¸ÉµÖ´¨Ö [66,109]. ’¥µ·¥³  ¸ÊÐ¥¸É¢µ¢ ´¨Ö ¨
¥¤¨´¸É¢¥´´µ¸É¨ ·¥Ï¥´¨° Ë ¤¤¥¥¢¸±µ° § ¤ Î¨ ¸ ¶ ·´Ò³¨ ¶µÉ¥´Í¨ ² ³¨, · -
¸ÉÊÐ¨³¨ ´  ¡¥¸±µ´¥Î´µ¸É¨ ¨²¨ ¦¥ ¨³¥ÕÐ¨³¨ ¸¨´£Ê²Ö·´µ¸É¨ Í¥´É·µ¡¥¦´µ£µ
É¨¶  ¶·¨ ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ, ´¥ ¤µ± § ´ . �µ²¥¥ Éµ£µ, ¢ ÔÉ¨Ì ¸²ÊÎ ÖÌ  ¸¨³¶Éµ-
É¨±¨ Ë ¤¤¥¥¢¸±¨Ì ±µ³¶µ´¥´É ¶·¨ ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ ´¥¨§¢¥¸É´Ò. �µÔÉµ³Ê
 ´ ²¨§ ÉµÎ´ÒÌ ·¥Ï¥´¨° § ¤ Î¨ É·¥Ì Éµ¦¤¥¸É¢¥´´ÒÌ ¡µ§µ´µ¢ ¸ ¶µÉ¥´Í¨ ² ³¨
µ¸Í¨²²ÖÉµ·´µ£µ ¨ Í¥´É·µ¡¥¦´µ£µ É¨¶µ¢ ¨´É¥·¥¸¥´ ¤²Ö µ¡µ¡Ð¥´¨Ö É¥µ·¨¨
” ¤¤¥¥¢ . …Ð¥ µ¤´  ¶·¨Î¨´  ¶·µ¤µ²¦¨ÉÓ · §¤. 4 É ±¨³  ´ ²¨§µ³ ¢Ò§¢ ´ 
¤·Ê£¨³¨ ´¥³ ²µ¢ ¦´Ò³¨ ¤²Ö Ö¤¥·´µ° Ë¨§¨±¨ Ë ±É ³¨. �¥·¥Î¨¸²¨³ ¨Ì.

ˆ¸¸²¥¤µ¢ ´¨¥ § ¤ Î¨ N ±¢ ´Éµ¢ÒÌ Î ¸É¨Í ¸ ¶ ·´Ò³¨ ¢§ ¨³µ¤¥°¸É¢¨-
Ö³¨, ¨³¥ÕÐ¨³¨ ¶·¨ x → 0 ¸¨´£Ê²Ö·´µ¸É¨ É¨¶  αx−2, £¤¥ α Å ´¥±µÉµ·Ò°
±µÔËË¨Í¨¥´É,   x Å µÉ´µ¸¨É¥²Ó´µ¥ · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê Î ¸É¨Í ³¨, ¶·¥¤¸É ¢-
²Ö¥É¸Ö ¤µ¸É ÉµÎ´µ ¨´É¥·¥¸´Ò³ ± ± ¤²Ö µ¡µ¡Ð¥´¨Ö É¥µ·¨¨ · ¸¸¥Ö´¨Ö, É ±
¨ ¤²Ö ³ É¥³ É¨Î¥¸±¨ ±µ··¥±É´µ£µ ·¥Ï¥´¨Ö É ±µ° § ¤ Î¨. „¥²µ ¢ Éµ³, ÎÉµ
³´µ£¨¥ ´Ê±²µ´-´Ê±²µ´´Ò¥ (NN) ¶µÉ¥´Í¨ ²Ò, ¶µ²ÊÎ¥´´Ò¥ ¨§ ¸µ¢·¥³¥´´ÒÌ
É¥µ·¥É¨±µ-¶µ²¥¢ÒÌ ³µ¤¥²¥° NN -¢§ ¨³µ¤¥°¸É¢¨Ö [74], ´ ¶·¨³¥· ¡µ´´¸±¨°
¶µÉ¥´Í¨ ² [110], ¸µ¤¥·¦ É ±µ·µÉ±µ¤¥°¸É¢ÊÕÐ¨¥ ¸² £ ¥³Ò¥ ¸  ¸¨³¶ÉµÉ¨±µ°
O(x−2) ¶·¨ x → 0. �¤´ ±µ ±·¨É¥·¨° ¸ÊÐ¥¸É¢µ¢ ´¨Ö ·¥£Ê²Ö·´ÒÌ ·¥Ï¥-
´¨° N -Î ¸É¨Î´µ£µ Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥·  ¸ É ±¨³¨ ¸¨´£Ê²Ö·´Ò³¨ ¶µÉ¥´Í¨ -
² ³¨ ¨§¢¥¸É¥´ ²¨ÏÓ ¢ Î ¸É´ÒÌ ¸²ÊÎ ÖÌ. �·¨ N = 2 É ±¨¥ ·¥Ï¥´¨Ö ¸ÊÐ¥-
¸É¢ÊÕÉ [10], ¥¸²¨ α > −1/4. ‚ · ¡µÉ¥ [109] �¢¨Ï ¨ Î¨¸²¥´´µ ¨¸¸²¥¤µ¢ ²
§ ¤ ÎÊ É·¥Ì Éµ¦¤¥¸É¢¥´´ÒÌ ¡µ§µ´µ¢ ¸ ¶µ²´Ò³ ³µ³¥´Éµ³ ` = 0 ¨ S-¢µ²´µ¢Ò³¨
¶ ·´Ò³¨ ¶µÉ¥´Í¨ ² ³¨ αx−2

i . ˆÉµ£µ³ ¨¸¸²¥¤µ¢ ´¨Ö ¡Ò²µ ¶¥·¢µ¥ Î¨¸²¥´´µ¥
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¤µ± § É¥²Ó¸É¢µ Éµ£µ Ë ±É , ÎÉµ ¶·¨ ´¥±µÉµ·ÒÌ §´ Î¥´¨ÖÌ ¶ · ³¥É·  α Ê· ¢-
´¥´¨Ö ” ¤¤¥¥¢  ¨³¥ÕÉ ·¥£Ê²Ö·´Ò¥ ·¥Ï¥´¨Ö ¢ ¢¨¤¥ ¶·µ¨§¢¥¤¥´¨Ö ËÊ´±Í¨¨
�¥¸¸¥²Ö Jν(r) ´  ËÊ´±Í¨Õ £¨¶¥·Ê£²  ϕ. ‚ · ¡µÉ¥ [66] ¨¸¸²¥¤µ¢ ² ¸Ó É ± Ö
¦¥ É·¥ÌÎ ¸É¨Î´ Ö § ¤ Î , ´µ ¢ ¸²ÊÎ ¥ ¶·µ¨§¢µ²Ó´µ£µ `. ‚ ÔÉµ³ µ¡Ð¥³ ¸²Ê-
Î ¥ ¡Ò² ¤µ± § ´ ±·¨É¥·¨° ¸ÊÐ¥¸É¢µ¢ ´¨Ö ÉµÎ´ÒÌ ·¥Ï¥´¨°, ¶·¥¤¸É ¢¨³ÒÌ ¢
¢¨¤¥ ¶·µ¨§¢¥¤¥´¨Ö ËÊ´±Í¨¨ �¥¸¸¥²Ö Jν(r) ´  ±µ´¥Î´ÊÕ ²¨´¥°´ÊÕ ±µ³¡¨´ -
Í¨Õ £¨¶¥·£ ·³µ´¨±. � §¤¥² 4 § ¢¥·Ï ¥É¸Ö ¤µ± § É¥²Ó¸É¢µ³ ÔÉµ£µ ±·¨É¥·¨Ö ¨
¸µ¶µ¸É ¢²¥´¨¥³ ·¥§Ê²ÓÉ Éµ¢ · ¡µÉ [66] ¨ [109].

�¥ ³¥´¥¥ ¢ ¦´Ò³ ¤²Ö É¥µ·¨¨ Ö¢²Ö¥É¸Ö §´ ´¨¥  ¸¨³¶ÉµÉ¨± ¢µ²´µ¢ÒÌ ËÊ´±-
Í¨° ¢ Ë¨§¨Î¥¸±¨ ¨´É¥·¥¸´ÒÌ ¶·¥¤¥² Ì ¨Ì ¶ · ³¥É·µ¢. �¤¨´ ¨§ ´¨Ì Å ¶µ²´ Ö
Ô´¥·£¨Ö. �¥±µÉµ·Ò¥  ´ ²¨É¨Î¥¸±¨¥ ³¥Éµ¤Ò ¶µ¸É·µ¥´¨Ö ´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì
· §²µ¦¥´¨° ¢ § ¤ Î Ì ¤¢ÊÌ ¨ É·¥Ì Ö¤¥·´ÒÌ Î ¸É¨Í µ¶¨¸ ´Ò ¢ · ¡µÉ Ì [39Ä56].
�´ ²¨§ ¸µ¢·¥³¥´´µ£µ ¸µ¸ÉµÖ´¨Ö É¥µ·¨¨ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì · §²µ¦¥´¨° ¤²Ö
É ±¨Ì § ¤ Î ¤ ´ ¢ ¶·¥¤Ò¤ÊÐ¨Ì µ¡§µ· Ì [73] ¨ [74].

� ¸ÉµÖÐ¨° µ¡§µ· ´ ¶¨¸ ´ ¢ Éµ³ ¦¥ ³¥Éµ¤¨Î¥¸±µ³ ¤ÊÌ¥, ÎÉµ ¨ ÔÉ¨ ¶Ê¡²¨-
± Í¨¨: µ¸µ¡µ¥ ¢´¨³ ´¨¥ Ê¤¥²Ö¥É¸Ö ¢Ò¢µ¤Ê ´ ¨¡µ²¥¥ §´ Î¨³ÒÌ ¸µµÉ´µÏ¥´¨°,
¸µ¶µ¸É ¢²¥´¨Õ ¨§¢¥¸É´ÒÌ ·¥§Ê²ÓÉ Éµ¢, µ¡¸Ê¦¤¥´¨Õ ¨Ì Ë¨§¨Î¥¸±µ£µ ¨ ³ É¥-
³ É¨Î¥¸±µ£µ ¸³Ò¸² . —Éµ¡Ò ¸¤¥² ÉÓ É ±µ¥ µ¶¨¸ ´¨¥ ¤µ¸ÉÊ¶´Ò³ ¨ ´¥ ¸Éµ²Ó
ÊÉµ³¨É¥²Ó´Ò³ ¤²Ö ³ ±¸¨³ ²Ó´µ Ï¨·µ±µ£µ ±·Ê£  Î¨É É¥²¥°, ¢ µ¡§µ·¥ ¸¶¥-
Í¨ ²Ó´µ ¶·¨¢µ¤ÖÉ¸Ö ¶·µ¸ÉÒ¥ ¶µÖ¸´ÖÕÐ¨¥ ¶·¨³¥·Ò, ³ É¥·¨ ² ¨§² £ ¥É¸Ö ¶µ
¶·¨´Í¨¶Ê ¶¥·¥Ìµ¤  µÉ ¶·µ¸Éµ£µ ± ¸²µ¦´µ³Ê,   ¸ ³ ¶¥·¥Ìµ¤ µ¶¨¸Ò¢ ¥É¸Ö ¤µ¸É -
ÉµÎ´µ ¶µ¤·µ¡´µ. �¸µ¡µ ¢ ¦´Ò¥ ÊÉ¢¥·¦¤¥´¨Ö ¸´ Î ²  Ëµ·³Ê²¨·ÊÕÉ¸Ö, § É¥³
¤µ± §Ò¢ ÕÉ¸Ö ¨ µ¡¸Ê¦¤ ÕÉ¸Ö. ’ ± Ö ¶µ¸²¥¤µ¢ É¥²Ó´µ¸ÉÓ ¨§²µ¦¥´¨Ö ³ É¥·¨ -
²  ¶·¥¤¸É ¢²Ö¥É¸Ö  ¢Éµ·Ê µ¶É¨³ ²Ó´µ°, ¶µÉµ³Ê ÎÉµ ¶·¥¤µ¸É ¢²Ö¥É Î¨É É¥²Õ
¶µ²´µ¥ ¶· ¢µ ´  ¢Ò¡µ·: µ£· ´¨Î¨ÉÓ¸Ö ¶·µÖ¸´¥´¨¥³ ¸ÊÉ¨ · ¸¸³ É·¨¢ ¥³µ£µ
¢µ¶·µ¸  ¢ Í¥²µ³ ¨²¨ ¦¥ ¶µ§´ ±µ³¨ÉÓ¸Ö ¸µ ¢¸¥³¨ ®¶µ¤¢µ¤´Ò³¨ ± ³´Ö³¨¯,
¶·µÎ¨É ¢ ¶µ²´µ¥ ¤µ± § É¥²Ó¸É¢µ ¨ µ¡¸Ê¦¤¥´¨¥ µ¸µ¡ÒÌ ¸²ÊÎ ¥¢. ‚Ò¡· ÉÓ ¢
· §¤¥²¥ ´Ê¦´Ò° ¶ · £· Ë ¶µ§¢µ²¨É ±· É±¨° ¶² ´ ¨§²µ¦¥´¨Ö, ±µÉµ·Ò³ ´ Î¨-
´ ¥É¸Ö ± ¦¤Ò° · §¤¥², §  ¨¸±²ÕÎ¥´¨¥³ · §¤. 5, ¸µ¸É ¢²¥´´µ£µ ¨§ ¢Ò¢µ¤µ¢ ¨
§ ±²ÕÎ¨É¥²Ó´ÒÌ § ³¥Î ´¨°.

2. Šˆ�…Œ�’ˆ—…‘Š�… ��…����‡�‚��ˆ… ‚ ‡�„�—… ’�…• ’…‹

�ÉµÉ · §¤¥² ¶µ¸¢ÖÐ¥´ ¡µ²¥¥ µ¡Ð¥³Ê, Î¥³ ¨§¢¥¸É´ Ö Í¨±²¨Î¥¸± Ö ¶¥·¥¸É -
´µ¢±  Î ¸É¨Í, ±¨´¥³ É¨Î¥¸±µ³Ê ¶·¥µ¡· §µ¢ ´¨Õ ¢ § ¤ Î¥ É·¥Ì É¥². ‚ ¶. 2.1
¢¢µ¤ÖÉ¸Ö ¤¥± ·Éµ¢Ò ¨ £¨¶¥·¸Ë¥·¨Î¥¸±¨¥ ±µµ·¤¨´ ÉÒ Ÿ±µ¡¨,   § É¥³ ¶µÖ¸-
´Ö¥É¸Ö £¥µ³¥É·¨Î¥¸±¨° ¸³Ò¸² ¨Ì ±¨´¥³ É¨Î¥¸±µ£µ ¶·¥µ¡· §µ¢ ´¨Ö ¢ µ¡Ð¥³
¨ ¤¢ÊÌ µ¸µ¡ÒÌ ¸²ÊÎ ÖÌ: ±µ£¤  ¢¸¥ Î ¸É¨ÍÒ · ¸¶µ²µ¦¥´Ò ¢ ±µµ·¤¨´ É´µ°
¶²µ¸±µ¸É¨ ¨ ´  µ¤´µ° ¶·Ö³µ°. ‚ ¶. 2.2 µ¶¥· Éµ·´Ò³¨ ³¥Éµ¤ ³¨ É¥µ·¨¨ Ê£²µ-
¢µ£µ ³µ³¥´É  ¶µ¸²¥¤µ¢ É¥²Ó´µ  ´ ²¨§¨·Ê¥É¸Ö ±¨´¥³ É¨Î¥¸±µ¥ ¶·¥µ¡· §µ¢ ´¨¥
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ËÊ´±Í¨° ¶·µ¨§¢µ²Ó´µ° Ëµ·³Ò, Ê£²µ¢ÒÌ ¡ §¨¸µ¢ ¨ · §²µ¦¥´¨° ¶µ É ±¨³ ¡ §¨-
¸ ³. �´ ²¨§ ´ Î¨´ ¥É¸Ö ¢ ¶¶. 2.2.1 ¸ µ¶·¥¤¥²¥´¨Ö µ¶¥· Éµ·µ¢ ¶¥·¥¸É ´µ¢±¨,
µÉ· ¦¥´¨Ö ¨ ¶µ¢µ·µÉµ¢ ¨ ¶µ¸É·µ¥´¨Ö µ¶¥· Éµ·µ¢ ±¨´¥³ É¨Î¥¸±µ£µ ¶·¥µ¡· -
§µ¢ ´¨Ö. ‡ É¥³ ¢ ¶¶. 2.2.2 ¶¥·¥Î¨¸²ÖÕÉ¸Ö µ¸´µ¢´Ò¥ ¸¢µ°¸É¢  Ê£²µ¢ÒÌ ¡ §¨¸µ¢,
  ¢ ¶¶. 2.2.3 ¶µÖ¸´Ö¥É¸Ö ¸¢Ö§Ó ³¥¦¤Ê É¥µ·¥³ ³¨ ¸²µ¦¥´¨Ö ¨ ±¨´¥³ É¨Î¥¸±¨³
¶·¥µ¡· §µ¢ ´¨¥³. „ ²¥¥ ¢ ¶¶. 2.2.4 ¨ 2.2.5 µ¶¨¸Ò¢ ¥É¸Ö ±¨´¥³ É¨Î¥¸±µ¥ ¶·¥-
µ¡· §µ¢ ´¨¥ ¡¨¸Ë¥·¨Î¥¸±¨Ì ¨ £¨¶¥·¸Ë¥·¨Î¥¸±¨Ì ·Ö¤µ¢.

2.1. Š¨´¥³ É¨Î¥¸±µ¥ ¶·¥µ¡· §µ¢ ´¨¥ ±µµ·¤¨´ É. � ¸¸³µÉ·¨³ ¸¨¸É¥³Ê
É·¥Ì Î ¸É¨Í ¸ ³ ¸¸ ³¨ mi, i = 1, 2, 3. ‚ É·¥Ì³¥·´µ³ ±µµ·¤¨´ É´µ³ ¶·µ¸É· ´-
¸É¢¥ R3 ¢¢¥¤¥³ ¤¥± ·Éµ¢Ê ¸¨¸É¥³Ê ±µµ·¤¨´ É S3 ¸ ´ ¶· ¢²ÖÕÐ¨³¨ µ·É ³¨ êi.
�Ê¸ÉÓ ai Å · ¤¨Ê¸-¢¥±Éµ· Î ¸É¨ÍÒ ¸ ´µ³¥·µ³ i ¢ ¸¨¸É¥³¥ S3. ‚¢¥¤¥³ É·¨
¸¨¸É¥³Ò µÉ´µ¸¨É¥²Ó´ÒÌ ±µµ·¤¨´ É Ÿ±µ¡¨:

xk ≡ ~−1

(
2mimj

mi +mj

)1/2

(aj − ai) , (1)

yk ≡ ~−1

(
2mk (mi +mj)

m1 +m2 +m3

)1/2(
miai +mjaj
mi +mj

− ak

)
,

£¤¥ ¨´¤¥±¸Ò i, j, k µ¡· §ÊÕÉ Í¨±²¨Î¥¸±ÊÕ ¶¥·¥¸É ´µ¢±Ê É·¨ ¤Ò ¨´¤¥±¸µ¢
(1, 2, 3): ¨´¤¥±¸ i ¶¥·¥Ìµ¤¨É ¢ k, j Å ¢ i,   k Å ¢ j. �·¨¢¥¤¥´´Ò¥ ¢¥±-
Éµ·Ò Ÿ±µ¡¨ xi ¨ yi µ¡Ñ¥¤¨´¨³ ¢ ¤¢ÊÌ±µ³¶µ´¥´É´Ò¥ ¸Éµ²¡ÍÒ (xi,yi)

T ¨
Ï¥¸É¨³¥·´Ò¥ ¢¥±Éµ·Ò ri ≡ (xi,yi). �·µ¨§¢µ²Ó´Ò³ µ¡· §µ³ ¢Ò¡¥·¥³ ¤¢  ¨§
É·¥Ì É ±¨Ì ¢¥±Éµ·µ¢ ¨ ¢¢¥¤¥³ ¸µ±· Ð¥´´Ò¥ µ¡µ§´ Î¥´¨Ö:

r = (x,y) ≡ ri = (xi,yi) , r′ = (x′,y′) ≡ rk = (xk,yk) . (2)

�µ µ¶·¥¤¥²¥´¨Õ ¢¥±Éµ· r ¸ É·¥Ì³¥·´Ò³¨ ±µ³¶µ´¥´É ³¨ x ¨ y ¶·¨´ ¤²¥¦¨É
Ï¥¸É¨³¥·´µ³Ê ±µµ·¤¨´ É´µ³Ê ¶·µ¸É· ´¸É¢Ê R6 ≡ R3

x⊕R3
y, ±µÉµ·µ¥ Ö¢²Ö¥É¸Ö

¶·Ö³µ° ¸Ê³³µ° É·¥Ì³¥·´ÒÌ ¶·µ¸É· ´¸É¢ R3
x ¨ R3

y ¢¥±Éµ·µ¢ x ¨ y. „¥± ·-
Éµ¢Ê ¸¨¸É¥³Ê ±µµ·¤¨´ É S6 ¢ R6 ¢Ò¡¥·¥³ É ±, ÎÉµ¡Ò ¶·µ¥±Í¨¨ rν ¢¥±Éµ·  r
´  ´ ¶· ¢²ÖÕÐ¨¥ µ·ÉÒ n̂ν ÔÉµ° ¸¨¸É¥³Ò ¡Ò²¨ ¡Ò ¸¢Ö§ ´Ò ¸ ±µµ·¤¨´ É ³¨
xµ ≡ x · êµ ¨ yµ ≡ y · êµ, µ = 1, 2, 3, ¢¥±Éµ·µ¢ x ¨ y ¢ ¸¨¸É¥³¥ S3 ¸²¥¤ÊÕÐ¨³
µ¡· §µ³: rν ≡ xν , ¥¸²¨ ν = 1, 2, 3, ¨ rν ≡ yν−3 ¶·¨ ν = 4, 5, 6. �·¨ É ±µ³
µ¶·¥¤¥²¥´¨¨ ¸¨¸É¥³Ò S6 £¨¶¥·¸Ë¥·¨Î¥¸±¨¥ Ê£²Ò Ω = (x̂, ŷ, ϕ) ¢¥±Éµ·  r ¢ R6

¤µ¶Ê¸± ÕÉ ´ £²Ö¤´ÊÕ £¥µ³¥É·¨Î¥¸±ÊÕ ¨´É¥·¶·¥É Í¨Õ ¢ É·¥Ì³¥·´ÒÌ É¥·³¨-
´ Ì: ¶ ·  q̂ ≡ (θq, ϕq) ¸Ë¥·¨Î¥¸±¨Ì Ê£²µ¢ ¢¥±Éµ·  q µ¶·¥¤¥²Ö¥É ´ ¶· ¢²¥´¨¥
¢¥±Éµ·  q = x,y ¢ S3,   ¢¥²¨Î¨´  £¨¶¥·Ê£²  ϕ ≡ arctg(y/x) ∈ [0, π/2] Ë¨±¸¨-
·Ê¥É µÉ´µÏ¥´¨¥ É·¥Ì³¥·´ÒÌ ¤²¨´ x ¨ y ¢¥±Éµ·µ¢ x ¨ y. �µÔÉµ³Ê ¢ µÉ²¨Î¨¥
µÉ Ê£²µ¢ x̂ ¨ ŷ Ê£µ² ϕ ´¥ ¨§³¥´Ö¥É¸Ö ¶·¨ ¶·µ¨§¢µ²Ó´µ³ É·¥Ì³¥·´µ³ ¶µ¢µ-
·µÉ¥ ¢¥±Éµ·µ¢ x ¨ y ¨²¨ ±µµ·¤¨´ É´µ° ¸¨¸É¥³Ò S3. ‚§ ¨³´µ¥ · ¸¶µ²µ¦¥´¨¥
É·¥Ì Î ¸É¨Í ¢ ¸¨¸É¥³¥ ¨Ì Í¥´É·  ³ ¸¸ Ì · ±É¥·¨§Ê¥É¸Ö Ï¥¸ÉÓÕ Î¨¸² ³¨. ‚
± Î¥¸É¢¥ ¸µ¢µ±Ê¶´µ¸É¨ É ±¨Ì Î¨¸¥², µ¡µ§´ Î ¥³µ° ¤ ²¥¥ ¤¨· ±µ¢¸±¨³ ±¥É-
¸¨³¢µ²µ³ |r〉, ¡Ê¤¥³ µ¤´µ¢·¥³¥´´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¤¥± ·Éµ¢Ò ±µµ·¤¨´ ÉÒ xµ,
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yµ É·¥Ì³¥·´ÒÌ ±µ³¶µ´¥´É x ¨ y ¢¥±Éµ·  r ¢ ¸¨¸É¥³¥ S3, ¥£µ ¤¥± ·Éµ¢Ò
±µµ·¤¨´ ÉÒ rν ¢ ¸¨¸É¥³¥ S6 ¨ µÉ¢¥Î ÕÐ¨¥ ¨³ £¨¶¥·¸Ë¥·¨Î¥¸±¨¥ ±µµ·¤¨-
´ ÉÒ (r,Ω): £¨¶¥·· ¤¨Ê¸ r ≡ (x2 + y2)1/2 ¨ ´ ¡µ· Ê£²µ¢ Ω. ’Ê ¦¥ ¸ ³ÊÕ
É·¥ÌÎ ¸É¨Î´ÊÕ ±µ´Ë¨£Ê· Í¨Õ |r〉 ³µ¦´µ µ¶¨¸ ÉÓ ¢ ±µµ·¤¨´ É Ì x′µ, y

′
µ; r

′
ν

¨²¨ (r′,Ω′), Ω′ ≡ (x̂′, ŷ′, ϕ′) ¢¥±Éµ·  r′, ¶µÉµ³Ê ÎÉµ ³¥¦¤Ê ¢¥±Éµ· ³¨ r ¨
r′ ¨³¥¥É¸Ö ¢§ ¨³´µ µ¤´µ§´ Î´µ¥ ¸µµÉ¢¥É¸É¢¨¥. „¥°¸É¢¨É¥²Ó´µ, ¨§ µ¶·¥¤¥²¥-
´¨Ö (1) ¸²¥¤Ê¥É, ÎÉµ ¸Éµ²¡ÍÒ (x,y)T ¨ (x′,y′)T ¢Ò¡· ´´ÒÌ ¢¥±Éµ·µ¢ Ÿ±µ¡¨,
µÉ¢¥Î ÕÐ¨¥ ¢¥±Éµ· ³ r ¨ r′, ¸¢Ö§ ´Ò ²¨´¥°´Ò³ µ·Éµ£µ´ ²Ó´Ò³ ¨ µ¤´µ¶ · -
³¥É·¨Î¥¸±¨³ ¶·¥µ¡· §µ¢ ´¨¥³:(

x′

y′

)
= −

(
+ cos γ sin γ
− sinγ cos γ

)(
x
y

)
. (3)

�¡¸µ²ÕÉ´µ¥ §´ Î¥´¨¥ ¥£µ ¶ · ³¥É·  γ ¤²Ö ¨¸¸²¥¤Ê¥³µ° É·¥ÌÎ ¸É¨Î´µ° ¸¨¸-
É¥³Ò Ë¨±¸¨·Ê¥É¸Ö Éµ²Ó±µ µÉ´µÏ¥´¨Ö³¨ ³ ¸¸ Î ¸É¨Í,   §´ ± µ¶·¥¤¥²Ö¥É¸Ö
Î¥É´µ¸ÉÓÕ ¶¥·¥¸É ´µ¢±¨ É·¨ ¤Ò (k, i, j) ¨´¤¥±¸µ¢, ´Ê³¥·ÊÕÐ¨Ì Î ¸É¨ÍÒ, ±
É·¨ ¤¥ (1, 2, 3). ‚ ´ Ï¥³ ¸²ÊÎ ¥ x = xi,y = yi,   x′ = xk,y

′ = yk ¨

γ ≡ γki ≡ εki arctg (mj(m1 +m2 +m3)/mimk)
1/2

, (4)

¶·¨Î¥³ εki = −εik = 1 ¤²Ö (k, i) = (3, 1), (1, 2), (2, 3). ’ ± ± ± ¶ · ³¥É· γ
¨³¥¥É ¸³Ò¸² Ê£² , µ¶·¥¤¥²Ö¥³µ£µ Éµ²Ó±µ ±¨´¥³ É¨Î¥¸±¨³¨ Ì · ±É¥·¨¸É¨± ³¨
É·¥ÌÎ ¸É¨Î´µ° ¸¨¸É¥³Ò, Éµ ¥£µ ¶·¨´ÖÉµ ´ §Ò¢ ÉÓ ±¨´¥³ É¨Î¥¸±¨³ Ê£²µ³,  
¸µµÉ´µÏ¥´¨¥ (3) Å ±¨´¥³ É¨Î¥¸±¨³ ¶·¥µ¡· §µ¢ ´¨¥³ ¶ · ¢¥±Éµ·µ¢ Ÿ±µ¡¨ ¨
¸µ¶µ¸É ¢²¥´´ÒÌ ¨³ Ï¥¸É¨³¥·´ÒÌ ¢¥±Éµ·µ¢.

�¶¨Ï¥³ µ¡² ¸ÉÓ ¤µ¶Ê¸É¨³ÒÌ ¨ ³´µ¦¥¸É¢µ µ¸µ¡ÒÌ §´ Î¥´¨° ±¨´¥³ É¨Î¥-
¸±¨Ì Ê£²µ¢. ‘µ£² ¸´µ µ¶·¥¤¥²¥´¨Õ (4) É·¨ ±¨´¥³ É¨Î¥¸±¨Ì Ê£²  ¸ ¨´¤¥±¸ ³¨
¨§ · §´ÒÌ É·¨ ¤ ²¨´¥°´µ § ¢¨¸¨³Ò:

γ31 + γ12 + γ23 = π , γ13 + γ21 + γ32 = −π , (5)

  ¶·¨ ²Õ¡ÒÌ ´¥´Ê²¥¢ÒÌ ¨ ±µ´¥Î´ÒÌ §´ Î¥´¨ÖÌ ³ ¸¸ Î ¸É¨Í §´ Î¥´¨¥ ²Õ¡µ£µ
¨§ ¢¸¥Ì Ï¥¸É¨ ±¨´¥³ É¨Î¥¸±¨Ì Ê£²µ¢ ¶·¨´ ¤²¥¦¨É ¨´É¥·¢ ²Ê (−π/2, π/2).
’µÎ±¨ 0, ±π/4 ¨ ±π/2 Ö¢²ÖÕÉ¸Ö ¶·¥¤¥²Ó´Ò³¨ ¢ ¸²¥¤ÊÕÐ¥³ ¸³Ò¸²¥. „²Ö
É·¥ÌÎ ¸É¨Î´ÒÌ ¸¨¸É¥³ ¨§ µ¤´µ° ²¥£±µ° ¨ ¤¢ÊÌ ÉÖ¦¥²ÒÌ Î ¸É¨Í, ¸· ¢´¨³ÒÌ ¶µ
³ ¸¸ ³, §´ Î¥´¨Ö ±¨´¥³ É¨Î¥¸±¨Ì Ê£²µ¢ ¡²¨§±¨ ± 0 ¨ ±π/2. …¸²¨ ¦¥ ¸¨¸É¥³ 
¸µ¸Éµ¨É ¨§ µ¤´µ° ÉÖ¦¥²µ° Î ¸É¨ÍÒ ¨ ¤¢ÊÌ ²¥£±¨Ì Î ¸É¨Í ¸ · ¢´Ò³¨ ³ ¸¸ ³¨,
Éµ §´ Î¥´¨Ö ±¨´¥³ É¨Î¥¸±¨Ì Ê£²µ¢ ¡²¨§±¨ ± ±π/4 ¨ ±π/2.

� ¶·¨³¥·, ¸µ£² ¸´µ · ¢¥´¸É¢ ³ (4) ¨ (5),

γ12 → 0; γ31, γ23 → π/2, ¥¸²¨ m3/m1 → 0 , m1 = O(m2) ,

γ12 → π/2; γ31, γ23 → π/4, ¥¸²¨ m3/m1 →∞ , m1 = m2 .
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‚ ¢ÒÏ¥Ê± § ´´ÒÌ ¶·¥¤¥² Ì (γ = γ12 → 0, π/2) ¸µµÉ´µÏ¥´¨¥ (3) ¶·¨´¨³ ¥É
¸µµÉ¢¥É¸É¢ÊÕÐ¨°  ¸¨³¶ÉµÉ¨Î¥¸±¨° ¢¨¤:

x′ = −x + y O(γ) , y′ = −y + xO(γ) , γ → 0 ; (6)

x′ = −y + xO(γ′) , y′ = x + y O(γ′) , γ′ ≡ (π/2− γ)→ 0 . (7)

�·¨ ¢¸¥Ì γ ²¨´¥°´Ò¥ ±µ³¡¨´ Í¨¨ (3) x′ ¨ y′ ´¥±µ²²¨´¥ ·´ÒÌ ¢¥±Éµ·µ¢ x ¨
y ¶·¨´ ¤²¥¦ É µ¤´µ° ¨ Éµ° ¦¥ ¶²µ¸±µ¸É¨ P , ¶·µÌµ¤ÖÐ¥° Î¥·¥§ É·¨ Î ¸É¨ÍÒ.
�·¨ ²Õ¡µ³ γ ±¨´¥³ É¨Î¥¸±µ¥ ¶·¥µ¡· §µ¢ ´¨¥ (3) ¸µÌ· ´Ö¥É ¨ ´µ·³ ²Ó N,

N ≡ x× y = x′ × y′, (8)

± ÔÉµ° ¶²µ¸±µ¸É¨, ¨ ¤²¨´Ê (r = r′) Ï¥¸É¨³¥·´µ£µ ¢¥±Éµ·  r. �µ ÔÉµ° ¨ ³´µ£¨³
¤·Ê£¨³ ¶·¨Î¨´ ³ Ê¤µ¡´µ ¨¸¶µ²Ó§µ¢ ÉÓ £¨¶¥·¸Ë¥·¨Î¥¸±¨¥ ±µµ·¤¨´ ÉÒ (r,Ω)
¨ (r,Ω′) ¢¥±Éµ·µ¢ r ¨ r′.

�¶¨Ï¥³ ±¨´¥³ É¨Î¥¸±µ¥ ¶·¥µ¡· §µ¢ ´¨¥ £¨¶¥·¸Ë¥·¨Î¥¸±¨Ì Ê£²µ¢ ¢ µ¡-
Ð¥³ ¨ ¤¢ÊÌ Î ¸É´ÒÌ ¸²ÊÎ ÖÌ. ˆ¸¶µ²Ó§µ¢ ¢ Ëµ·³Ê²Ò (3) ¨ µ¶·¥¤¥²¥´¨¥ ÔÉ¨Ì
Ê£²µ¢, ³µ¦´µ ¢Ò· §¨ÉÓ É·¥Ì³¥·´Ò¥ ¶·µ¥±Í¨¨ x′µ ¨ y′µ ¢¥±Éµ·µ¢ x′ ¨ y′ ´ 
µ·ÉÒ êµ ¸¨¸É¥³Ò S3 ¨ ¢¥±Éµ·Ò x ¨ y Î¥·¥§ ¤²¨´Ê r ¢¥±Éµ·  r ¨ ¥£µ £¨¶¥·¸Ë¥-
·¨Î¥¸±¨¥ Ê£²Ò Ω,   § É¥³ ´ °É¨ ¢ Ö¢´µ³ ¢¨¤¥ § ¢¨¸¨³µ¸ÉÓ Ω′ = Ω′(Ω; γ) Ê£²µ¢
Ω′ µÉ Ê£²µ¢ Ω ¨ ¶ · ³¥É·  γ. ”µ·³Ê²Ò, µ¶¨¸Ò¢ ÕÐ¨¥ É ±ÊÕ § ¢¨¸¨³µ¸ÉÓ,
¡Ê¤ÊÉ ¨³¥ÉÓ ±µ³¶ ±É´Ò° ¢¨¤, ¥¸²¨ ¨¸¶µ²Ó§µ¢ ÉÓ ±µ³¡¨´ Í¨Õ u É·¨£µ´µ³¥-
É·¨Î¥¸±¨Ì ËÊ´±Í¨° Ê£²µ¢ x̂ ¨ ŷ, · ¢´ÊÕ ±µ¸¨´Ê¸Ê Ê£²  θ ³¥¦¤Ê ¢¥±Éµ· ³¨ x
¨ y:

u ≡ cos θ ≡ uxy = cos θx cos θy + sin θx sin θy cos(ϕx − ϕy) . (9)

� ¶·¨³¥·, Ê£µ² ϕ′ ¨ ¨´¢ ·¨ ´É´Ò¥ ¶µ µÉ´µÏ¥´¨Õ ± É·¥Ì³¥·´Ò³ ¶µ¢µ·µ-
É ³ ¸¨¸É¥³Ò ±µµ·¤¨´ É S3 ±µ¸¨´Ê¸Ò uab Ê£²µ¢ θab ³¥¦¤Ê · §²¨Î´Ò³¨ ¢¥±Éµ-
· ³¨ a,b = x,y,x′,y′ ¨ Ê£µ² ϕ′ ¶·¥¤¸É ¢ÖÉ¸Ö ± ± ËÊ´±Í¨¨ ϕ′ = ϕ′(ϕ, u; γ)
¨ uab = uab(ϕ, u; γ) ¤¢ÊÌ  ·£Ê³¥´Éµ¢ ϕ ¨ u ¨ ¶ · ³¥É·  γ:

cos 2ϕ′ = cos 2(γ − ϕ) + (u− 1) sin 2γ sin 2ϕ , (10)

uxx′ ≡ cos θxx′ = − secϕ′ ( cos γ cosϕ+ u sin γ sinϕ ) ,

uxy′ ≡ cos θxy′ = cosecϕ′ ( sinγ cosϕ− u cos γ sinϕ ) ,

uyx′ ≡ cos θyx′ = − secϕ′( sin γ sinϕ+ u cos γ cosϕ ) , (11)

uyy′ ≡ cos θyy′ = −cosecϕ′( cos γ sinϕ− u sinγ cosϕ ) ,

ux′y′ ≡ cos θx′y′ = −cosec2ϕ′( sin 2γ cos 2ϕ− u cos 2γ sin 2ϕ ) .

”Ê´±Í¨µ´ ²Ó´ Ö § ¢¨¸¨³µ¸ÉÓ Ω′ = Ω′(Ω; γ) ¸ÊÐ¥¸É¢¥´´µ Ê¶·µÐ ¥É¸Ö ¶·¨
´¥±µÉµ·ÒÌ Î ¸É´ÒÌ §´ Î¥´¨ÖÌ £¨¶¥·Ê£²µ¢ Ω, µÉ¢¥Î ÕÐ¨Ì µ¸µ¡Ò³ ±µ´Ë¨£Ê-
· Í¨Ö³ É·¥ÌÎ ¸É¨Î´µ° ¸¨¸É¥³Ò. �¶¨Ï¥³ ¤¢¥ É ±¨¥ ±µ´Ë¨£Ê· Í¨¨.
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�Ê¸ÉÓ ¶²µ¸±µ¸ÉÓ P ¢¥±Éµ·µ¢ x ¨ y ¸µ¢¶ ¤ ¥É ¸ ¶²µ¸±µ¸ÉÓÕ P13 µ·Éµ¢ ê1

¨ ê3,   ¢¥±Éµ· x ±µ²²¨´¥ ·¥´ µ·ÉÊ ê3. „·Ê£¨³¨ ¸²µ¢ ³¨, ¶Ê¸ÉÓ ´µ·³ ²Ó (8)
¨ ¢¥±Éµ· x µ·¨¥´É¨·µ¢ ´Ò É ±, ÎÉµ N · ê2 = N ¨ x · ê3 = x. ’µ£¤  ¢ ¸¨²Ê
· ¢¥´¸É¢ (3), (9) ¨ (11)

θx , ϕx = 0 ; θy = θ , ϕy = 0 ; (12)

θx′ = arccosuxx′ , ϕx′ = π(signγ + 1)/2 ; θy′ = arccosuxy′ , ϕy′ = π .

� ¡µ·Ò Ω ¨ Ω′ É ±¨Ì £¨¶¥·¸Ë¥·¨Î¥¸±¨Ì Ê£²µ¢, µ¶¨¸Ò¢ ÕÐ¨¥ ±¨´¥³ É¨Î¥¸±µ¥
¶·¥µ¡· §µ¢ ´¨¥ ¢ ¶²µ¸±µ¸É¨ P13, ¶µ³¥É¨³ ¨´¤¥±¸µ³ p, É.¥. ¢¢¥¤¥³ µ¡µ§´ Î¥-
´¨Ö Ωp ≡ (0, 0, θ, 0, ϕ) ¨ Ω′p(θxx′ , ϕx′ , θxy′ , 0, ϕ

′).
�Ê¸ÉÓ É¥¶¥·Ó ¢¸¥ É·¨ Î ¸É¨ÍÒ ²¥¦ É ´  µ¤´µ° ¨ Éµ° ¦¥ ¶·Ö³µ° L3, ÎÉµ

¨ µ·É ê3, ¶·¨Î¥³ ¢¥±Éµ· y ±µ²²¨´¥ ·¥´ ÔÉµ³Ê µ·ÉÊ, É.¥. y · ê3 = y. ’µ£¤ 
¶µ µ¶·¥¤¥²¥´¨Õ (9) ¨³¥¥³ u = 1. �·¨ u = 1 ¨ ²Õ¡ÒÌ ϕ ¨ γ ËÊ´±Í¨¨ (11)
¤µ¸É¨£ ÕÉ ¸¢µ¨Ì Ô±¸É·¥³ ²Ó´ÒÌ §´ Î¥´¨°, ¶·¨Î¥³

uxx′ = −sign(π/2 + γ − ϕ) , uxy′ = sign(γ − ϕ) , (13)

  ¨§ · ¢¥´¸É¢  (10) ¸²¥¤ÊÕÉ  ²£¥¡· ¨Î¥¸±¨¥ ¸µµÉ´µÏ¥´¨Ö:

ϕ′ = |ϕ− γ| , γ ≥ 0; (14)

ϕ′ = π/2 + (ϕ− γ − π/2) sign(π/2 − ϕ+ γ) , γ < 0 .

ˆ¸¶µ²Ó§ÊÖ · ¢¥´¸É¢  (12) ¨ (13), ´ Ìµ¤¨³, ÎÉµ · ¸¸³ É·¨¢ ¥³µ° ±µ´Ë¨£Ê· Í¨¨
µÉ¢¥Î ÕÉ Ô±¸É·¥³ ²Ó´Ò¥ §´ Î¥´¨Ö ¸Ë¥·¨Î¥¸±¨Ì Ê£²µ¢:

θx, ϕx, θy, ϕy = 0; (15)

θx′ = π(1 + sign(π/2 + γ − ϕ))/2 , ϕx′ = π(signγ + 1)/2 ;

θy′ = π(1− sign(γ − ϕ))/2 , ϕy′ = 0 .

� ¡µ·Ò Ω ¨ Ω′ Ê£²µ¢ (14) ¨ (15), µ¶¨¸Ò¢ ÕÐ¨¥ ±¨´¥³ É¨Î¥¸±µ¥ ¶·¥µ¡· -
§µ¢ ´¨¥ ´  ¶·Ö³µ° L3, ¸µ¢¶ ¤ ÕÐ¥° ¸ µ·Éµ³ ê3, ¶µ³¥É¨³ ¨´¤¥±¸µ³ l, É.¥.
¶µ²µ¦¨³ ¶µ µ¶·¥¤¥²¥´¨Õ Ωl ≡ (0, 0, 0, 0, ϕ) ¨ Ω′l(0, θxy′ , θxx′ , ϕ

′), £¤¥ ¸µ-
£² ¸´µ · ¢¥´¸É¢ ³ (13) ¨ (15) Ê£²Ò θxy′ ¨ θxx′ ¸µ¢¶ ¤ ÕÉ ¸ Ê£² ³¨ θy′ ¨ θx′ ¨
· ¢´Ò 0 ¨²¨ π.

„ ¤¨³ £¥µ³¥É·¨Î¥¸±ÊÕ ¨´É¥·¶·¥É Í¨Õ ±¨´¥³ É¨Î¥¸±µ£µ ¶·¥µ¡· §µ¢ ´¨Ö
´  ¶·Ö³µ° L3. „²Ö ÔÉµ£µ ¢¢¥¤¥³ ¢¸¶µ³µ£ É¥²Ó´µ¥ ¤¢Ê³¥·´µ¥ ¶·µ¸É· ´¸É¢µ
R2
q ¢¥±Éµ·µ¢ q ¸ ±µµ·¤¨´ É ³¨ q1 ≡ r cosϕ ¨ q2 ≡ r sinϕ ¢ ´¥±µÉµ·µ° Ë¨±-

¸¨·µ¢ ´´µ° ¤¥± ·Éµ¢µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É S2. Š ± ¸²¥¤Ê¥É ¨§ Ëµ·³Ê² (3) ¨
(14), ±¨´¥³ É¨Î¥¸±µ¥ ¶·¥µ¡· §µ¢ ´¨¥ (3) ´  ¶·Ö³µ° L3 ¸µ¸Éµ¨É ¨§ µÉ· ¦¥´¨Ö
¢¥±Éµ·  q ¨ ¶µ¢µ·µÉ  ¶µ²ÊÎ¨¢Ï¥£µ¸Ö ¢¥±Éµ·  −q ´  Ê£µ² u γ ¢ R2

q .
�µ± ¦¥³, ÎÉµ ¤²Ö ¶·µ¨§¢µ²Ó´µ£µ ±¨´¥³ É¨Î¥¸±µ£µ ¶·¥µ¡· §µ¢ ´¨Ö, § 

¨¸±²ÕÎ¥´¨¥³ ¢ÒÏ¥Ê¶µ³Ö´ÊÉµ£µ Î ¸É´µ£µ ¸²ÊÎ Ö, ¢ R3 ¢¸¥£¤  ¸ÊÐ¥¸É¢Ê¥É ¸¨¸-
É¥³  ±µµ·¤¨´ É Sp3, ¢ ±µÉµ·µ° ÔÉµ ¶·¥µ¡· §µ¢ ´¨¥ ¶·µ¨¸Ìµ¤¨É ¢ ±µµ·¤¨´ É-
´µ° ¶²µ¸±µ¸É¨ Pp13 ¥¥ µ·Éµ¢ êp1 ¨ êp3.
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�Ê¸ÉÓ x ¨ y ¶·µ¨§¢µ²Ó´Ò¥, ´µ ´¥±µ²²¨´¥ ·´Ò¥ ¢¥±Éµ·Ò. ‚ R3 ¢¢¥¤¥³
¸¨¸É¥³Ê ±µµ·¤¨´ É Sp3 ¸ µ·É ³¨ êp2 ¨ êp3, ±µ²²¨´¥ ·´Ò³¨ ´µ·³ ²¨ (8) ¨
¢¥±Éµ·Ê x. ‘¨¸É¥³  Sp3 ¶µ²ÊÎ ¥É¸Ö ¶µ¢µ·µÉµ³ ¸¨¸É¥³Ò S3. ‚ S3 ÔÉµÉ ¶µ¢µ·µÉ
µ¶·¥¤¥²Ö¥É¸Ö ¸µ¢µ±Ê¶´µ¸ÉÓÕ ω É·¥Ì Ê£²µ¢ �°²¥·  [24]:

ω ≡ (ϕx, θx, ϕ̃y) , ϕ̃y ≡ ϕy − ϕx , (16)

¨ µ¶¨¸Ò¢ ¥É¸Ö É·¥Ì³¥·´µ° ³ É·¨Í¥° R(ω): ±µ³¶µ´¥´ÉÒ ²Õ¡µ£µ ¢¥±Éµ·  q ¢
S3p ¨ S3 ¸¢Ö§ ´Ò ³ É·¨Î´Ò³¨ · ¢¥´¸É¢ ³¨ [24]:

(q1p, q2p, q3p)
T = R−1(ω) (q1, q2, q3)

T , (17)

R(ω) = R(ϕx, ê3) R(θx, ê2) R(ϕ̃y, ê3) ,

¢ ±µÉµ·ÒÌ R(α, êi) Å ³ É·¨Í  ¶µ¢µ·µÉ  ´  Ê£µ² α ¢µ±·Ê£ µ¸¨ êi:

R(α, ê2) =

 cosα 0 sinα
0 1 0

− sinα 0 cosα

 , R(α, ê3) =

 cosα − sinα 0
sinα cosα 0

0 0 1

 .

(18)
‚ ¸¨¸É¥³¥ Sp3 ¶ ·Ò (x,y) ¨ (x′,y′) ¢¥±Éµ·µ¢ Ÿ±µ¡¨ ¸¢Ö§ ´Ò ±¨´¥³ É¨Î¥¸±¨³
¶·¥µ¡· §µ¢ ´¨¥³ ¢ ¶²µ¸±µ¸É¨ Pp13 ¢¥±Éµ·µ¢ êp1 ¨ êp3,   £¨¶¥·Ê£²Ò ¢¥±Éµ·µ¢
r ¨ r′, µÉ¢¥Î ÕÐ¨¥ ÔÉ¨³ ¶ · ³, · ¢´Ò Ωp ¨ Ω′p.

’¥¶¥·Ó µ¶¨Ï¥³ ±¨´¥³ É¨Î¥¸±µ¥ ¶·¥µ¡· §µ¢ ´¨¥ (3) ´  µ¶¥· Éµ·´µ³ Ö§Ò±¥.
‚¢¥¤¥³ µ¶¥· Éµ·Ò Px, Py ¨ Txy ¶¥·¥¸É ´µ¢±¨ ¨ µÉ· ¦¥´¨Ö ±µ³¶µ´¥´É x ¨ y
¢¥±Éµ·  r ¨ µ¶¥· Éµ·Ò Pr ¨ Rrν(γ) µÉ· ¦¥´¨Ö ¨ ¶µ¢µ·µÉ  ÔÉµ£µ ¢¥±Éµ·  ¢
£¨¶¥·¶²µ¸±µ¸ÉÖÌ µ·Éµ¢ n̂ν ¨ n̂ν+3 ´  Ê£µ² γ ¢µ±·Ê£ ´µ·³ ²¥° Nν ≡ n̂ν×n̂ν+3:

Px|x,y〉 ≡ | − x,y〉, Py|x,y〉 ≡ |x,−y〉, Pr ≡ Px Py ; (19)

Txy|r〉 = Txy|x,y〉 ≡ |y,x〉 ;

Rrν(γ)

(
rµ
r3+µ

)
≡
(

(1− δµν) + δµν

(
cos γ − sinγ
sin γ + cosγ

))(
rµ
r3+µ

)
,

µ, ν = 1, 2, 3.

�·¥µ¡· §µ¢ ´¨¥ (3) ¢¥±Éµ·  r ¢ ¢¥±Éµ· r′ µ¶¨Ï¥³ µ¶¥· Éµ·µ³

Kr(γ) : |r〉 → |r′〉 ≡ Kr(γ)|r〉 . (20)

‚Ò· §¨³ ¥£µ Î¥·¥§ µ¶¥· Éµ·Ò (19) ¢ ¶·¥¤¥² Ì (6) ¨ (7) ¨ ¢ µ¡Ð¥³ ¸²ÊÎ ¥:

Kr(0) = Pr , Kr(π/2) = PxTxy = TxyPy , (21)

Kr(γ) = Pr Rr(−γ) = Rr(−γ)Pr , Rr(γ) ≡ Rr1(γ) Rr2(γ) Rr3(γ) . (22)
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ˆ¸¶µ²Ó§ÊÖ · ¢¥´¸É¢  (3), (19), (20) ¨ (22), ¢Ò¢µ¤¨³ Ëµ·³Ê²Ê ¸²µ¦¥´¨Ö:

Kr(γ1 + γ2) = PrKr(γ1)Kr(γ2) , ∀γ1, γ2, (23)

¨ ¸¥·¨Õ Éµ¦¤¥¸É¢ ¶µ Ê£²Ê γ:

Kr(−γ) = PxKr(γ)Px = PyKr(γ)Py = TxyKr(γ)Txy , (24)

Kr(π/2− γ) = TxyKr(γ)Px = PyKr(γ)Txy .

�µÖ¸´¨³ £¥µ³¥É·¨Î¥¸±¨° ¸³Ò¸² ±¨´¥³ É¨Î¥¸±µ£µ ¶·¥µ¡· §µ¢ ´¨Ö ¢ ¤µ-
¸ÉÊ¶´ÒÌ ¤²Ö ´ £²Ö¤´µ£µ ¶·¥¤¸É ¢²¥´¨Ö É·¥Ì³¥·´ÒÌ É¥·³¨´ Ì. Š ± ¢¨¤´µ ¨§
Ëµ·³Ê² (21), ¶·¨ Î ¸É´ÒÌ §´ Î¥´¨ÖÌ 0 ¨ π/2 Ê£²  γ ±¨´¥³ É¨Î¥¸±µ¥ ¶·¥µ¡· -
§µ¢ ´¨¥ (3) ¸¢µ¤¨É¸Ö ± µÉ· ¦¥´¨Õ ¨ ¶¥·¥¸É ´µ¢±¥ É·¥Ì³¥·´ÒÌ ±µ³¶µ´¥´É
¢¥±Éµ·  r. � ¢¥´¸É¢  (22) µ§´ Î ÕÉ, ÎÉµ ¢ µ¡Ð¥³ ¸²ÊÎ ¥ ±¨´¥³ É¨Î¥¸±µ¥ ¶·¥-
µ¡· §µ¢ ´¨¥ ¢ R6 ¸µ¸Éµ¨É ¨§ µÉ· ¦¥´¨Ö ¢¥±Éµ·  r ¨ ¶µ¸²¥¤ÊÕÐ¥£µ ¶µ¢µ·µÉ 
¶µ²ÊÎ¨¢Ï¥£µ¸Ö ¢¥±Éµ·  ¢ £¨¶¥·¶²µ¸±µ¸É¨ P . �É· ¦¥´¨¥ ¨ ¶µ¢µ·µÉ Å ±µ³-
³ÊÉ É¨¢´Ò¥ µ¶¥· Í¨¨. �µ¢µ·µÉ µ¶¨¸Ò¢ ¥É¸Ö µ¶¥· Éµ·µ³ Rr(−γ) ¨ ¶·¥¤¸É -
¢²Ö¥É¸Ö ¶·µ¨§¢µ²Ó´µ° ¶µ¸²¥¤µ¢ É¥²Ó´µ¸ÉÓÕ É·¥Ì ±µ³³ÊÉ¨·ÊÕÐ¨Ì ¶µ¢µ·µÉµ¢
¢µ±·Ê£ ´µ·³ ²¥° Nν , ν = 1, 2, 3, ´  µ¤¨´ ±µ¢Ò¥ Ê£²Ò, · ¢´Ò¥ −γ.

‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ µ¶·¥¤¥²¥´¨¥ ¢¥±Éµ·µ¢ Ÿ±µ¡¨ (1) ´¥ ¸µ¢¸¥³ Ê¤µ¡´µ.
O¤´ ±µ ¨³¥´´µ É ±µ¥ µ¶·¥¤¥²¥´¨¥ ¨¸¶µ²Ó§Ê¥É¸Ö ¢ ²¨É¥· ÉÊ·¥ ´ ¨¡µ²¥¥ Î ¸Éµ
¨ ¶·¨´ÖÉµ ¢ ±´¨£ Ì [21,25]. �Éµ ¥¤¨´¸É¢¥´´ Ö ¶·¨Î¨´  Å ´¥ ¨¸¶µ²Ó§µ¢ ÉÓ
 ²ÓÉ¥·´ É¨¢´µ¥ µ¶·¥¤¥²¥´¨¥ ¢¥±Éµ·µ¢ Ÿ±µ¡¨ [26], ¶·¨ ±µÉµ·µ³ ±¨´¥³ É¨Î¥-
¸±µ¥ ¶·¥µ¡· §µ¢ ´¨¥ Å ¶µ¢µ·µÉ ¢ £¨¶¥·¶²µ¸±µ¸É¨ P ´  Ê£µ² γ.

2.2. Š¨´¥³ É¨Î¥¸±µ¥ ¶·¥µ¡· §µ¢ ´¨¥ ËÊ´±Í¨°. �·¥µ¡· §µ¢ ´¨¥ ËÊ´±-
Í¨°, § ¢¨¸ÖÐ¨Ì µÉ ´¥¸±µ²Ó±¨Ì ¨²¨ ¢¸¥Ì Ï¥¸É¨³¥·´ÒÌ ±µ³¶µ´¥´É ¢¥±Éµ·  r,
¶·¨ ±¨´¥³ É¨Î¥¸±µ³ ¶·¥µ¡· §µ¢ ´¨¨ ¨Ì  ·£Ê³¥´Éµ¢ ´ §µ¢¥³ ±¨´¥³ É¨Î¥¸±¨³.
„ ²¥¥ · ¸¸³ É·¨¢ ¥É¸Ö Éµ²Ó±µ ±¨´¥³ É¨Î¥¸±µ¥ ¶·¥µ¡· §µ¢ ´¨¥ ¸± ²Ö·´ÒÌ
ËÊ´±Í¨°, § ¤ ´´ÒÌ, ¢µµ¡Ð¥ £µ¢µ·Ö, ¢ R6. Œ´µ¦¥¸É¢µ ¢¸¥Ì É ±¨Ì ËÊ´±Í¨°
µ¡µ§´ Î¨³ ¸¨³¢µ²µ³ A. �·¨ ´¥µ¡Ìµ¤¨³µ¸É¨ ¤µ¶µ²´¨É¥²Ó´Ò³¨ µ£· ´¨Î¥-
´¨Ö³¨ ´  £² ¤±µ¸ÉÓ ËÊ´±Í¨° ¡Ê¤¥³ ¢Ò¤¥²ÖÉÓ ¨§ ÔÉµ£µ ³´µ¦¥¸É¢  ¶µ¤³´µ-
¦¥¸É¢  ¨ Ê± §Ò¢ ÉÓ, ´  ± ±µ³ ¶µ¤³´µ¦¥¸É¢¥ ¸¶· ¢¥¤²¨¢µ µ¡¸Ê¦¤ ¥³µ¥ ¸µµÉ-
´µÏ¥´¨¥.

2.2.1. �¶¥· Éµ·Ò ¶¥·¥¸É ´µ¢µ±, µÉ· ¦¥´¨Ö, ¶µ¢µ·µÉµ¢ ¨ ±¨´¥³ É¨Î¥-
¸±µ£µ ¶·¥µ¡· §µ¢ ´¨Ö. �Ê¸ÉÓ I Å µ¶¥· Éµ· Éµ¦¤¥¸É¢¥´´µ£µ ¶·¥µ¡· §µ¢ ´¨Ö:
IΨ ≡ Ψ. ‚¢¥¤¥³ µ¶¥· Éµ·Ò P1, P2, P , T ¨ K(γ), µ¶¨¸Ò¢ ÕÐ¨¥ ¶·¥µ¡· §µ-
¢ ´¨¥ ¶·µ¨§¢µ²Ó´µ° ËÊ´±Í¨¨ Ψ ∈ A ¶·¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¥° µ¶¥· Í¨¨ (19) ¨
(20) ´ ¤ ¥¥  ·£Ê³¥´É ³¨:

P1 Ψ(r) ≡ Ψ(Pxr) = Ψ(−x,y) , P2 Ψ(r) ≡ Ψ(Pyr) = Ψ(x,−y) , (25)

P Ψ(r) ≡ P1P2Ψ(r) ≡ Ψ(Prr) = Ψ(−r) ,

T Ψ(r) ≡ Ψ(Txyr) = Ψ(y,x) ,
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Ψ(r′) ≡ K(γ)Ψ(r) ≡ Ψ(Kr(γ)r) . (26)

ˆ§¢¥¸É´Ò³ ¢ É¥µ·¨¨ Ê£²µ¢µ£µ ³µ³¥´É  [24] ¸¶µ¸µ¡µ³ ¶µ¸É·µ¨³ µ¶¥· Éµ·
±¨´¥³ É¨Î¥¸±µ£µ ¶·¥µ¡· §µ¢ ´¨Ö ËÊ´±Í¨° K(γ) ¢ ¤¨ËË¥·¥´Í¨ ²Ó´µ° Ëµ·³¥.
‘´ Î ² , ¨¸¶µ²Ó§ÊÖ · ¢¥´¸É¢  (21) ¨ (26), ¢Ò· ¦ ¥³ ÔÉµÉ µ¶¥· Éµ· ¶·¨ Î ¸É-
´ÒÌ §´ Î¥´¨ÖÌ γ = 0, π/2 Î¥·¥§ µ¶¥· Éµ·Ò µÉ· ¦¥´¨Ö ¨ ¶¥·¥¸É ´µ¢±¨ (25):

K(0) = P , K(π/2) = P1 T = T P2 . (27)

„ ²¥¥ § ³¥É¨³, ÎÉµ ¨§ · ¢¥´¸É¢ (23) ¨ (26) ¸²¥¤Ê¥É µ¶¥· Éµ·´µ¥ Éµ¦¤¥¸É¢µ

K(γ1 + γ2) ≡ P K(γ1)K(γ2) , ∀γ1, γ2 . (28)

’¥¶¥·Ó · ¸¸³µÉ·¨³ ¸²ÊÎ ° γ → 0. ˆ¸¶µ²Ó§µ¢ ¢ ¶·¥¤¸É ¢²¥´¨¥ r = (x,y),
· §²µ¦¨³ ËÊ´±Í¨Õ Ψ(r′) ¢ ·Ö¤ ’¥°²µ·  ¢ ÉµÎ±¥ −r. “ÎÉÖ ¸µµÉ´µÏ¥´¨Ö (6),
¶µ²ÊÎ¨³ Ëµ·³Ê²Ê ¶·¥µ¡· §µ¢ ´¨Ö ËÊ´±Í¨¨ Ψ(r) ¶·¨ ¨´Ë¨´¨É¥§¨³ ²Ó´µ³
(¡¥¸±µ´¥Î´µ ³ ²µ³) ±¨´¥³ É¨Î¥¸±µ³ ¨§³¥´¥´¨¨ ¥¥  ·£Ê³¥´Éµ¢:

K(γ)Ψ(r) = P ( I − iγ J )Ψ(r) +O(γ2) , γ → 0 . (29)

‡¤¥¸Ó ¸¨³¢µ²µ³ J µ¡µ§´ Î¥´ ´¥ § ¢¨¸ÖÐ¨° µÉ ¢¨¤  ËÊ´±Í¨¨ µ¶¥· Éµ· ¨´Ë¨-
´¨É¥§¨³ ²Ó´µ£µ ¶µ¢µ·µÉ  ¢ £¨¶¥·¶²µ¸±µ¸É¨ P ¶·µ¸É· ´¸É¢  R6:

J ≡ −i (x · ∇y − y · ∇x ) = −i
3∑

µ=1

(xµ∂yµ − yµ∂xµ) . (30)

‚Ò· §¨³ µ¶¥· Éµ· K(γ) Î¥·¥§ µ¶¥· Éµ·Ò P ¨ J . „²Ö ÔÉµ£µ ¶µ²µ¦¨³
¢ Éµ¦¤¥¸É¢¥ (28) γ = γ1 ¨ δγ = γ2 → 0. “ÎÉÖ · ¢¥´¸É¢µ (29), ¶µ²ÊÎ¨³
 ¸¨³¶ÉµÉ¨Î¥¸±µ¥ ¸µµÉ´µÏ¥´¨¥:

K(γ + δγ) = P K(γ)K(δγ) = K(γ) (I − iγJ) +O(δγ2) , δγ → 0 . (31)

�´µ ¶µ·µ¦¤ ¥É µ¶¥· Éµ·´µ¥ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ Ê· ¢´¥´¨¥:

dK(γ)/dγ = −iJ K(γ) . (32)

„µ¶µ²´¨³ ¥£µ £· ´¨Î´Ò³ Ê¸²µ¢¨¥³ (27) ¢ ÉµÎ±¥ γ = 0. …¤¨´¸É¢¥´´µ¥ ·¥Ï¥´¨¥
¶µ²ÊÎ¨¢Ï¥°¸Ö ±· ¥¢µ° § ¤ Î¨ ¶·¥¤¸É ¢¨³ ·Ö¤µ³

K(γ) = P exp(−iγJ) ≡ P
∞∑
n=0

(−iγ)n Jn/Γ(n+ 1) . (33)

ˆ¸¸²¥¤µ¢ ´¨¥ ÔÉµ£µ ·Ö¤  ´ Î´¥³ c  ´ ²¨§a ¸¢µ°¸É¢ µ¶¥· Éµ·  J , ´¥ § ¢¨¸ÖÐ¨Ì
µÉ ¢¨¤  ËÊ´±Í¨¨ Ψ ∈ A. Š É ±¨³ ¸¢µ°¸É¢ ³ µÉ´µ¸ÖÉ¸Ö ¶·¥¦¤¥ ¢¸¥£µ ±µ³-
³ÊÉ Í¨µ´´Ò¥ ¸µµÉ´µÏ¥´¨Ö. ˆ¸¶µ²Ó§µ¢ ¢ µ¶·¥¤¥²¥´¨Ö (25) ¨ (30), Ê¡¥¤¨³¸Ö
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¢ Éµ³, ÎÉµ µ¶¥· Éµ· J  ´É¨±µ³³ÊÉ¨·Ê¥É ¸ µ¶¥· Éµ·µ³ T ¨ ±µ³³ÊÉ¨·Ê¥É ¸
µ¶¥· Éµ·µ³ P . ’¥¶¥·Ó ¶¥·¥¶¨Ï¥³ ¢Ò· ¦¥´¨¥ (30) ¢ ±µµ·¤¨´ É Ì (r1, ..., r6)
¢ ¢¨¤¥ ¸Ê³³Ò

J =

3∑
µ=1

Lµ,µ+3 , Lµν ≡ −i
(
rµ∂rν − rν∂rµ

)
, (34)

É·¥Ì ¨§ ¶ÖÉ´ ¤Í É¨ (µ > ν;µ, ν = 1, 2, ..., 6) ±µ³¶µ´¥´É Lµν µ¶¥· Éµ·  £¨¶¥·-
³µ³¥´É  L, ¶µ¤Î¨´¥´´ÒÌ ¨§¢¥¸É´Ò³ ±µ³³ÊÉ Í¨µ´´Ò³ Ê¸²µ¢¨Ö³ [26]:

[Lk`, Lmn]− = i ( δnkLm` + δm`Lnk − δmkLn` − δn`Lmk ) . (35)

‚Ò· §¨³ Î¥·¥§ µ¶¥· Éµ·Ò Lµν µ¶¥· Éµ·Ò Ê£²µ¢ÒÌ ³µ³¥´Éµ¢ lx, ly, ¸µ¶·Ö¦¥´-
´Ò¥ ¢¥±Éµ· ³ x ¨ y, ¨ µ¶¥· Éµ· ¶µ²´µ£µ Ê£²µ¢µ£µ ³µ³¥´É  l:

lx ≡ −ix×∇x =

3∑
i=1

lxiêi = L23ê1 + L31ê2 + L12ê3 , (36)

ly ≡ −iy×∇y =

3∑
i=1

lyiêi = L56ê1 + L64ê2 + L45ê3 ,

l ≡ lx + ly =

3∑
i=1

liêi , li = lxi + lyi .

� ¶µ³´¨³, ÎÉµ
L2 = −

∑
µ>ν

L2
µν , (37)

  ¢ £¨¶¥·¸Ë¥·¨Î¥¸±¨Ì ±µµ·¤¨´ É Ì

l2q = −cosec2 θq

(
sin θq∂θq(sin θq∂θq) + ∂2

ϕq

)
, lq3 = i ∂ϕq , q = x, y; (38)

L2 = −∂2
ϕ − 4 ctg2ϕ∂ϕ + l2x/ cos2 ϕ+ l2y/ sin2 ϕ . (39)

ˆ¸¶µ²Ó§µ¢ ¢ · ¢¥´¸É¢  (34)Ä(39), ³µ¦´µ ¶µ± § ÉÓ, ÎÉµ µ¶¥· Éµ· J ´¥ ±µ³-
³ÊÉ¨·Ê¥É ¸ µ¶¥· Éµ· ³¨ l2q, lq3, q = x, y, ´µ ±µ³³ÊÉ¨·Ê¥É ¸ µ¶¥· Éµ· ³¨ l2, l3
¨ L2. �·µ¸Ê³³¨·Ê¥³ ¢c¥ ¢ÒÏ¥Ê¶µ³Ö´ÊÉÒ¥ ±µ³³ÊÉ Í¨µ´´Ò¥ ¸µµÉ´µÏ¥´¨Ö:

[J, T ]+ = [J,Q]− = 0 , Q = P,L2, l2, l3 ; [J, q]− 6= 0, q = l2x, l
2
y, lx3, ly3. (40)

�µ¸É·µ¨³ µ¶¥· Éµ·, Ê´¨É ·´µ¶µ¤µ¡´Ò° µ¶¥· Éµ·Ê J ¶µ µÉ´µÏ¥´¨Õ ±
É·¥Ì³¥·´µ³Ê ¶µ¢µ·µÉÊ (16), (17) ¸¨¸É¥³Ò ±µµ·¤¨´ É S3 ± ¸¨¸É¥³¥ Sp3. ‚
µ¶·¥¤¥²¥´¨¨ (30) µ¶¥· Éµ·  J ¶¥·¥°¤¥³ ± £¨¶¥·¸Ë¥·¨Î¥¸±¨³ ±µµ·¤¨´ É ³
(r,Ω). ‚µ§´¨±Ï¨¥ ±µ³¡¨´ Í¨¨ É·¨£µ´µ³¥É·¨Î¥¸±¨Ì ËÊ´±Í¨° ¢Ò· §¨³ Î¥·¥§
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¶·µ¨§¢µ¤´Ò¥ µÉ ËÊ´±Í¨¨ u = u(x̂, ŷ), § ¤ ´´µ° Ëµ·³Ê²µ° (9). ’µ£¤  ¶µ²ÊÎ¨³
· ¢¥´¸É¢µ

J = − i

(
ctgϕ

( ∂u

∂θy
∂θy + cosec2θy

∂u

∂ϕy
∂ϕy

))
+

+ i

(
tgϕ

( ∂u

∂θx
∂θx + cosec2θx

∂u

∂ϕx
∂ϕx

))
− iu ∂ϕ . (41)

ˆ¸¶µ²Ó§ÊÖ ¥£µ ¨ µ¶·¥¤¥²¥´¨¥ (9) ËÊ´±Í¨¨ u, ¤µ± §Ò¢ ¥³ Ô±¢¨¢ ²¥´É´µ¸ÉÓ,

J F (r, u, ϕ) = Jp F (r, u, ϕ) , Jp ≡ i(2 ctg 2ϕ (1− u2)∂u + u∂ϕ) , (42)

µ¶¥· Éµ·µ¢ J ¨ Jp ´  ³´µ¦¥¸É¢¥ ËÊ´±Í¨° Ψ(r,Ω) = F (r, u, ϕ), § ¢¨¸ÖÐ¨Ì µÉ
¸Ë¥·¨Î¥¸±¨Ì Ê£²µ¢ ¢¥±Éµ·µ¢ x ¨ y ²¨ÏÓ ¶µ¸·¥¤¸É¢µ³ ¨Ì ±µ³¡¨´ Í¨¨ u.

‡ ³¥É¨³, ÎÉµ ²Õ¡ Ö ËÊ´±Í¨Ö Ψ(r,Ω), § ¤ ´´ Ö ¢ ¸¨¸É¥³¥ ±µµ·¤¨´ É S3,
¢ Î ¸É´µ³ ¸²ÊÎ ¥ Ω = Ωp ¸É ´µ¢¨É¸Ö ËÊ´±Í¨¥° Ψ(r,Ωp) É¨¶  F (r, u, ϕ).

Š ± ¨§¢¥¸É´µ [23], ¶·¨ ¶¥·¥Ìµ¤¥ (16)Ä(18) µÉ ¸¨¸É¥³Ò ±µµ·¤¨´ É S3 ±
¸¨¸É¥³¥ Sp3 ËÊ´±Í¨¨ ±² ¸¸  A ¶·¥µ¡· §ÊÕÉ¸Ö ¶µ § ±µ´Ê

Ψ(r,Ω) = D−1(ω)Ψ(r,Ωp) = D−1(ω)F (r, u, ϕ) , (43)

£¤¥ µ¶¥· Éµ· ‚¨£´¥·  ¢Ò· ¦ ¥É¸Ö Î¥·¥§ ¶·µ¥±Í¨¨ l2 = L13 + L46 ¨ l3 =
= L12 + L45 µ¶¥· Éµ·  ¶µ²´µ£µ Ê£²µ¢µ£µ ³µ³¥´É  (36) ´  µ·ÉÒ ê2 ¨ ê3

Ëµ·³Ê²µ°
D(ω) ≡ exp(−iϕxl3) exp(−iθxl2) exp(−iϕ̃yl3) . (44)

ˆ¸¶µ²Ó§µ¢ ¢ Ëµ·³Ê²Ò (42) ¨ (43), § ¶¨Ï¥³ Í¥¶µÎ±Ê · ¢¥´¸É¢

J Ψ(r,Ωp) = J (D(ω)Ψ(r,Ω)) = JpΨ(r,Ωp) = JpD(ω)Ψ(r,Ω) (45)

¨ É¥³ ¸ ³Ò³ ¤µ± ¦¥³ Ê´¨É ·´µ¥ ¶µ¤µ¡¨¥ µ¶¥· Éµ·µ¢ J ¨ Jp:

J = D−1(ω)JpD(ω) . (46)

�¥·¥Î¨¸²¨³ ¸¢µ°¸É¢  µ¶¥· Éµ·  K(γ), ´¥ § ¢¨¸ÖÐ¨¥ µÉ ¢¨¤  ËÊ´±Í¨¨ Ψ.
ˆ§ ¶·¥¤¸É ¢²¥´¨° (30) ¨ (33) ¸²¥¤ÊÕÉ ¸µµÉ´µÏ¥´¨Ö Ê´¨É ·´µ¸É¨

K(γ)K(−γ) = I , K+(γ) = K−1(γ) = K(−γ) (47)

¨ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ Éµ¦¤¥¸É¢ 

∂nγK(γ) = (−i J)nK(γ) , n = 0, 1, ... (48)

‚ ¸¨²Ê · ¢¥´¸É¢ (33) ¨ (40) ¢¥·´Ò ±µ³³ÊÉ Í¨µ´´Ò¥ ¸µµÉ´µÏ¥´¨Ö:

[K(γ), Q]− = 0 , Q = P,L2, l2, l3 ; [K(γ), q]− 6= 0 , q = l2x, l
2
y, lx3, ly3 (49)
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¨ Ê´¨É ·´µ¥ ¶µ¤µ¡¨¥ µ¶¥· Éµ·µ¢ K ¨ Kp µÉ´µ¸¨É¥²Ó´µ É·¥Ì³¥·´µ£µ ¶µ¢µ-
·µÉ  (43), (44):

K(γ) = D(ω)Kp(γ)D
−1(ω) , Kp(γ) ≡ P exp (−iγ Jp ) . (50)

� ¢¥´¸É¢  (24)Ä(26) ¶µ·µ¦¤ ÕÉ ¸²¥¤ÊÕÐ¨¥ Éµ¦¤¥¸É¢  ¶µ Ê£²Ê γ:

K(−γ) = P1K(γ)P1 = P2K(γ)P2 = TK(γ)T , (51)

K(π/2− γ) = TK(γ)P1 = P2K(γ)T .

�µÖ¸´¨³, ± ± ¤²Ö ¤ ´´µ° É·¥ÌÎ ¸É¨Î´µ° ¸¨¸É¥³Ò µ¶¥· Éµ·Ò ²Õ¡ÒÌ ¶¥-
·¥¸É ´µ¢µ± Î ¸É¨Í ³µ¦´µ ¢Ò· §¨ÉÓ Î¥·¥§ µ¶¥· Éµ·Ò P1 ¨ K(γ). ‚ ¶·¨´Ö-
ÉÒÌ µ¡µ§´ Î¥´¨ÖÌ (2) µ¶¥· Éµ· µÉ· ¦¥´¨Ö P1 Ô±¢¨¢ ²¥´É¥´ µ¶¥· Éµ·Ê Pjk
¶¥·¥¸É ´µ¢±¨ Î ¸É¨Í ¸ ´µ³¥· ³¨ j ¨ k. ‘µ£² ¸´µ µ¶·¥¤¥²¥´¨Õ (1) ¶·¨ Í¨±-
²¨Î¥¸±µ° ¶¥·¥¸É ´µ¢±¥ Î ¸É¨Í ¸ ´µ³¥· ³¨ i, j, k ¢¥±Éµ·Ò xi,yi ¶¥·¥Ìµ¤ÖÉ ¢
¢¥±Éµ·Ò xk,yk . �µÔÉµ³Ê ¨§ · ¢¥´¸É¢ (3) ¨ (26) ¸²¥¤Ê¥É, ÎÉµ µ¶¥· Éµ· K(γ)
Ô±¢¨¢ ²¥´É¥´ µ¶¥· Éµ·Ê Í¨±²¨Î¥¸±µ° ¶¥·¥¸É ´µ¢±¨ Î ¸É¨Í Pijk Éµ²Ó±µ ¶·¨
µ¶·¥¤¥²¥´´µ³ §´ Î¥´¨¨ ¶ · ³¥É·  γ,   ¨³¥´´µ ¶·¨ γ = γki:

K(γki) = Pijk ≡ PkiPjk . (52)

�µÔÉµ³Ê µ¶¥· Éµ· K(γ) µ¶¨¸Ò¢ ¥É ¡µ²¥¥ µ¡Ð¥¥ ¶·¥µ¡· §µ¢ ´¨¥, Î¥³ Í¨±²¨-
Î¥¸± Ö ¶¥·¥¸É ´µ¢±  Î ¸É¨Í. “ÎÉÖ ¸¢Ö§¨ (52), ¶·¥¤¸É ¢¨³ µ¶¥· Éµ·Ò S− ¨ S+

 ´É¨¸¨³³¥É·¨§ Í¨¨ ¨ ¸¨³³¥É·¨§ Í¨¨ ¶µ µÉ´µÏ¥´¨Õ ± ²Õ¡Ò³ ¶¥·¥¸É ´µ¢± ³
Î ¸É¨Í ¢ ¨´¢ ·¨ ´É´µ³ ¶µ µÉ´µÏ¥´¨Õ ± ¢Ò¡µ·Ê ¨´¤¥±¸  i ¢¨¤¥:

S± = ( I ± (Pij + Pik + Pjk) + PikPjk + PikPij )/6 , (53)

S± = Si S
±
jk , Si ≡ (I +

∑
k 6=i

K(γki))/3 , S±jk ≡ (1± Pjk)/2 .

�É³¥É¨³, ÎÉµ µ¡· § S±jkΨ(ri) ²Õ¡µ° ËÊ´±Í¨¨ Ψ(ri) Å ( ´É¨)¸¨³³¥É·¨Î´ Ö
ËÊ´±Í¨Ö µÉ´µ¸¨É¥²Ó´µ ¶¥·¥¸É ´µ¢±¨ Î ¸É¨Í ¸ ´µ³¥· ³¨ j ¨ k,   µ¶¥· Éµ·
Si µÉµ¡· ¦ ¥É ËÊ´±Í¨Õ, Ê¦¥ µ¡² ¤ ÕÐÊÕ É ±µ° ¸¨³³¥É·¨¥°, ¢ ËÊ´±Í¨Õ
( ´É¨)¸¨³³¥É·¨Î´ÊÕ µÉ´µ¸¨É¥²Ó´µ ²Õ¡ÒÌ ¶¥·¥¸É ´µ¢µ±.

2.2.2. �¸´µ¢´Ò¥ ¸¢µ°¸É¢  Ê£²µ¢ÒÌ ¡ §¨¸µ¢. � ¶µ³´¨³ ´¥±µÉµ·Ò¥ ¨§¢¥¸É-
´Ò¥ ¸¢µ°¸É¢  ¸Ë¥·¨Î¥¸±¨Ì ËÊ´±Í¨°, ¡¨¸Ë¥·¨Î¥¸±¨Ì £ ·³µ´¨± [23,24] ¨ É·¥Ì-
Î ¸É¨Î´ÒÌ £¨¶¥·£ ·³µ´¨± [1,25,26].

’·¥ÌÎ ¸É¨Î´Ò¥ £¨¶¥·£ ·³µ´¨±¨ § ¶¨Ï¥³ ¢ ¢¨¤¥ ¶·µ¨§¢¥¤¥´¨°

|L`mab〉 ≡ |`mab〉 |Lab〉 , (54)

〈Ω|L`mab〉 ≡ Y `mLab(Ω) ≡WLab(ϕ)Y`mab (x̂, ŷ)

ËÊ´±Í¨° |Lab〉

〈ϕ|Lab〉 ≡WLab(ϕ) ≡ NLab (sinϕ)a (cosϕ)b P (a+1/2 ,b+1/2)
n (cos 2ϕ) (55)
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¸ ´µ·³¨·µ¢µÎ´Ò³¨ ³´µ¦¨É¥²Ö³¨

NLab ≡
(

(2L+ 4)Γ(n+ 1)Γ(L− n+ 2)

Γ(n+ a+ 3/2) Γ(n+ b+ 3/2)

)1/2

(56)

¨ ¡¨¸Ë¥·¨Î¥¸±¨Ì £ ·³µ´¨±

〈x̂, ŷ|`mab〉 ≡ Y`mab (x̂, ŷ) ≡
∑
α

C`maαbβ Yaα(ŷ)Ybβ(x̂) , (57)

¸µ¤¥·¦ Ð¨Ì ±µÔËË¨Í¨¥´ÉÒ Š²¥¡Ï  Å ƒµ·¤µ´  C`maαbβ ¨ ¸Ë¥·¨Î¥¸±¨¥
ËÊ´±Í¨¨

〈q̂|cδ〉 ≡ Ycδ(q̂) = (2π)−1/2 exp(iδϕq)Θcδ(cos θq) , q̂ = x̂, ŷ . (58)

CÎ¥É´Ò¥ ³´µ¦¥¸É¢  ËÊ´±Í¨°

Ybβ(x̂) , b = 0, 1, ...; β = −b,−b+ 1, ..., b; (59)

Y`mab (x̂, ŷ), Y `mLab(Ω),

` = 0, 1...;−` ≤ m ≤ `; |a− b| ≤ ` ≤ a+ b;L = a+ b, a+ b + 2n, n = 0, 1, ...

µ¡· §ÊÕÉ ¶µ²´Ò¥ ¨ µ·Éµ´µ·³¨·µ¢ ´´Ò¥ ¡ §¨¸Ò, ¸µµÉ¢¥É¸É¢¥´´µ, ´  ¥¤¨´¨Î-
´µ° ¤¢Ê³¥·´µ° ¸Ë¥·¥ S2

x ¢ R3
x, Î¥ÉÒ·¥Ì³¥·´µ³ Éµ·¥ T 4

xy ≡ S2
x⊗S2

y ¨ ¶ÖÉ¨³¥·-
´µ° ¥¤¨´¨Î´µ° ¸Ë¥·¥ S5

xy ¢ R6. �·Éµ´µ·³¨·µ¢ ´´µ¸ÉÓ Ê£²µ¢ÒÌ ¡ §¨¸µ¢ (59)
µ§´ Î ¥É, ÎÉµ ¶·¨ ²Õ¡ÒÌ ¤µ¶Ê¸É¨³ÒÌ §´ Î¥´¨ÖÌ ¨´¤¥±¸µ¢ ¢Ò¶µ²´ÖÕÉ¸Ö ¸µµÉ-
¢¥É¸É¢ÊÕÐ¨¥ ¨´É¥£· ²Ó´Ò¥ ¸µµÉ´µÏ¥´¨Ö:

〈bβ|b′β′〉 ≡
∫
S2
x

dx̂(Ybβ(x̂))∗Yb′β′(x̂) = δbb′ δββ′ , (60)∫
S2
x

dx̂ ≡
∫ π

0

dθx sin θx

∫ 2π

0

dϕx;

〈`mab|`′m′a′b′〉 ≡
∫
T 4
xy

dx̂dŷ(Y`mab (x̂, ŷ))∗Y`′m′a′b′ (x̂, ŷ) = (61)

= δ``′ δm,m′ δaa′ δbb′ ,∫
T 4
xy

dx̂dŷ ≡
∫
S2
x

dx̂

∫
S2
y

dŷ;

〈L`mab|L′`′m′a′b′〉 ≡
∫
S5

dΩ(Y `mLab(Ω))∗Y `
′m′

L′a′b′(Ω) = (62)

= δL′L δ``′δmm′ δaa′ δbb′ ,∫
S5
xy

dΩ ≡
∫ π/2

0

dϕρ2(ϕ)

∫
T 4
xy

dx̂ dŷ , ρ(ϕ) ≡ sinϕ cosϕ.
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�µ²´µÉ  ¡ §¨¸µ¢ (59) µ§´ Î ¥É, ÎÉµ ¶·µ¨§¢µ²Ó´ Ö ËÊ´±Í¨Ö Ψ(r), ±¢ ¤· É¨Î´µ-
¨´É¥£·¨·Ê¥³ Ö (Ψ ∈ L2(g)) ´  ³´µ¦¥¸É¢¥ g = S2

x, T 4
xy, S5

xy, ¶·¥¤¸É ¢¨³ 
¸µµÉ¢¥É¸É¢ÊÕÐ¨³ ·Ö¤µ³:

Ψ(r) =
∑
bβ

Ψbβ(r, ŷ, ϕ)Ybβ(x̂) , (63)

Ψbβ(r, ŷ, ϕ) ≡ 〈bβ|Ψ〉 ≡
∫
S2
x

dx̂(Ybβ(x̂))
∗Ψ(r) ;

Ψ(r) =
∑
`m

∑
ab

Ψ`m
ab (r, ϕ)Y`mab (x̂, ŷ) , (64)

Ψ`m
ab (r, ϕ) ≡ 〈`mab|Ψ〉 ≡

∫
T 4
xy

dx̂dŷ (Y`mab (x̂, ŷ))∗Ψ(r) ;

Ψ(r) =
∑
L

∑
`m

∑
ab

Ψ`m
Lab(r)Y

`m
Lab(Ω) , (65)

Ψ`m
Lab(r) ≡ 〈L`mab|Ψ〉 ≡

∫
S5
xy

dΩ
(
Y `mLab(Ω)

)∗
Ψ(r) .

‚ ·Ö¤ Ì (63)Ä(65) ¨´¤¥±¸Ò ¶·µ¡¥£ ÕÉ Éµ²Ó±µ Ê± § ´´Ò¥ ¢ · ¢¥´¸É¢ Ì (59)
§´ Î¥´¨Ö. �·µ¥±Í¨¨ Ψ`m

ab ¨ Ψ`m
Lab ËÊ´±Í¨¨ Ψ ´  ¡¨¸Ë¥·¨Î¥¸±ÊÕ £ ·³µ´¨±Ê

|`mab〉 ¨ £¨¶¥·£ ·³µ´¨±Ê |L`mab〉 Î ¸Éµ ´ §Ò¢ ÕÉ, ¸µµÉ¢¥É¸É¢¥´´µ, ¶ ·Í¨-
 ²Ó´µ° ±µ³¶µ´¥´Éµ° [17] ÔÉµ° ËÊ´±Í¨¨ ¨ £¨¶¥·· ¤¨ ²Ó´µ° ËÊ´±Í¨¥° [25]
²¨¡µ ±µÔËË¨Í¨¥´É ³¨ · §²µ¦¥´¨° ËÊ´±Í¨¨ Ψ ¶µ ¡¨¸Ë¥·¨Î¥¸±µ³Ê ¨²¨ £¨-
¶¥·¸Ë¥·¨Î¥¸±µ³Ê ¡ §¨¸ ³. �µ²¥¥  ¤¥±¢ É´Ò³¨ ¨ ³¥´¥¥ £·µ³µ§¤±¨³¨ ¶·¥¤-
¸É ¢²ÖÕÉ¸Ö ¨¸¶µ²Ó§Ê¥³Ò¥ ¤ ²¥¥ É¥·³¨´Ò ¡¨¸Ë¥·¨Î¥¸± Ö ¨ £¨¶¥·¸Ë¥·¨Î¥¸± Ö
±µ³¶µ´¥´ÉÒ. �¨¸Ë¥·¨Î¥¸±¨¥ ±µ³¶µ´¥´ÉÒ Ψ`m

ab Å ËÊ´±Í¨¨ ¤¢ÊÌ ¶¥·¥³¥´´ÒÌ
x, y ¨²¨ ¦¥ r, ϕ, ¶·¨´ ¤²¥¦ Ð¨Ì µ¡² ¸É¨

R2
+ ≡ {x, y : 0 ≤ x, y ≤ ∞} = {r, ϕ : 0 ≤ r ≤ ∞, 0 ≤ ϕ ≤ π/2} .

‚ ¸¨²Ê ¸µµÉ´µÏ¥´¨° r = (x2 + y2)1/2 ¨ tg ϕ = y/x ¢ É ±µ° µ¡² ¸É¨ r ¨
ϕ Ö¢²ÖÕÉ¸Ö ¶µ²Ö·´Ò³¨ ±µµ·¤¨´ É ³¨. …¤¨´¸É¢¥´´Ò°  ·£Ê³¥´É r £¨¶¥·¸Ë¥-
·¨Î¥¸±¨Ì ±µ³¶µ´¥´É Ψ`m

Lab(r) ¢¸¥£¤  ¶·¨´ ¤²¥¦¨É ´¥µÉ·¨Í É¥²Ó´µ° Î¨¸²µ¢µ°
¶µ²Êµ¸¨:

R+
1 ≡ {r : 0 ≤ r ≤ ∞} .

‘²¥¤ÊÕÐ¨¥ § ³¥Î ´¨Ö µ¸µ¡µ ¢ ¦´Ò ¤²Ö ¶µ´¨³ ´¨Ö, ¢ ± ±µ³ ¸³Ò¸²¥
ËÊ´±Í¨¨ (55) Ö¢²ÖÕÉ¸Ö ¡ §¨¸´Ò³¨. ”Ê´±Í¨¨ |Lab〉 ¨ |L′ab〉 ¸ µ¤¨´ ±µ¢Ò³¨
¨´¤¥±¸ ³¨ a ¨ b µ·Éµ´µ·³¨·µ¢ ´Ò ¶µ  ·£Ê³¥´ÉÊ ϕ ´  µÉ·¥§±¥ [0, π/2]:

〈Lab|L′ab〉 ≡
∫ π/2

0

dϕρ2(ϕ)WLab(ϕ)WL′ab(ϕ) = δLL′ , (66)
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£¤¥ ¢¥¸ ρ2 § ¤ ´ Ëµ·³Ê²µ° (62). ’ ± ± ± ± ¦¤ Ö £¨¶¥·£ ·³µ´¨±  |L`mab〉 Å
¶·µ¨§¢¥¤¥´¨¥ (54) ËÊ´±Í¨° |Lab〉 ¨ |`mab〉,   ¡ §¨¸Ò £¨¶¥·£ ·³µ´¨± ¨ ¡¨¸Ë¥-
·¨Î¥¸±¨Ì £ ·³µ´¨± ¶µ²´Ò ¨ µ·Éµ´µ·³¨·µ¢ ´Ò, Éµ ´  µÉ·¥§±¥ 0 ≤ ϕ ≤ π/2
¸Î¥É´µ¥ (L = a+b, a+b+2, ...) ³´µ¦¥¸É¢µ ËÊ´±Í¨° |Lab〉 Ö¢²Ö¥É¸Ö ¶µ²´Ò³ ¨
µ·Éµ´µ·³¨·µ¢ ´´Ò³ ¸ ¢¥¸µ³ ρ2(ϕ) ¡ §¨¸µ³ ¤²Ö ¡¨¸Ë¥·¨Î¥¸±µ° ±µ³¶µ´¥´ÉÒ
Ψ`m
ab (r, ϕ) · ¸¸³ É·¨¢ ¥³µ° ËÊ´±Í¨¨ Ψ(r). „·Ê£¨³¨ ¸²µ¢ ³¨, ¤²Ö ± ¦¤µ°

¡¨¸Ë¥·¨Î¥¸±µ° ±µ³¶µ´¥´ÉÒ ¨³¥¥É ³¥¸Éµ ÉµÎ´µ¥ · §²µ¦¥´¨¥:

Ψ`m
ab (r, ϕ) =

∑
L

Ψ`m
Lab(r)WLab(ϕ) , ∀(r, ϕ) ∈ R2

+, (67)

Ψ`m
Lab(r, ϕ) ≡ 〈Lab|Ψ`m

ab 〉 ≡
∫ π/2

0

dϕρ2(ϕ)WLab(ϕ)Ψ`m
ab (r, ϕ),

£¤¥ ¨´¤¥±¸ L Å Í¥²µ¥ Î¨¸²µ (L = 2n + a + b, n = 0, 1, ...) Éµ° ¦¥ Î¥É´µ¸É¨
σ = (−1)a+b = (−1)L, ÎÉµ ¨ ¸Ê³³  a+ b.

�¶¥· Éµ·Ò µÉ· ¦¥´¨° ¨ ¶¥·¥¸É ´µ¢±¨ (25), ± ± ¨ µ¶¥· Éµ·Ò Ê£²µ¢ÒÌ
³µ³¥´Éµ¢ (36)Ä(39) ¨ É·¥Ì³¥·´µ£µ ¶µ¢µ·µÉ  (44), ¶·¥µ¡· §ÊÕÉ ¡ §¨¸Ò (55)
¨ (59) ¶µ µÎ¥´Ó ¶·µ¸ÉÒ³ Ëµ·³Ê² ³. �·µ±µ³³¥´É¨·Ê¥³ ´¥±µÉµ·Ò¥ ¨§ ´¨Ì.

Œ É·¨Í  ±¢ ¤· É  £¨¶¥·³µ³¥´É  (37), (39) ¤¨ £µ´ ²Ó´  ¢ ¡¨¸Ë¥·¨Î¥¸±µ³
¡ §¨¸¥. Š ¦¤Ò° Ô²¥³¥´É ¥¥ ¤¨ £µ´ ²¨ Å ¤¨ËË¥·¥´Í¨ ²Ó´Ò° µ¶¥· Éµ·

L2
ab(ϕ) ≡ 〈`mab|L2|`mab〉 = −∂2

ϕ − 4 ctg 2ϕ ∂ϕ +
a(a+ 1)

sin2 ϕ
+
b(b+ 1)

cos2 ϕ
, (68)

¤²Ö ±µÉµ·µ£µ ËÊ´±Í¨Ö |Lab〉 Ö¢²Ö¥É¸Ö ¸µ¡¸É¢¥´´µ°:(
L2
ab − L(L+ 4)

)
|Lab〉 = 0 . (69)

‚¸¥ ËÊ´±Í¨¨ |Lab〉 ¨´¢ ·¨ ´É´Ò µÉ´µ¸¨É¥²Ó´µ µÉ· ¦¥´¨° (25) ¨ ¶µ¢µ·µÉ  (43),
(44). �·¨ ¶¥·¥¸É ´µ¢±¥ x↔ y Ê£µ² ϕ ¶¥·¥Ìµ¤¨É ¢ Ê£µ² ϕ→ π/2−ϕ,   ËÊ´±-
Í¨Ö 〈ϕ|Lab〉 ¶·¥µ¡· §ÊeÉ¸Ö ¶µ ¶· ¢¨²Ê

〈ϕ|T |Lab〉 = (−1)(L−a−b)/2〈ϕ|Lba〉 . (70)

‘Ë¥·¨Î¥¸±¨¥ ËÊ´±Í¨¨ (58)  ·£Ê³¥´Éµ¢ x̂ Å ¸µ¡¸É¢¥´´Ò¥ ËÊ´±Í¨¨ µ¶¥-
· Éµ·µ¢ l2x, lx3 ¨ P1:

(l2x − b(b+ 1))|bβ〉 , (lx3 − β)|bβ〉 , (P1 − (−1)b)|bβ〉 = 0 . (71)

�´ ²µ£¨Î´Ò³¨ ¸¢µ°¸É¢ ³¨ ¶µ µÉ´µÏ¥´¨Õ ± µ¶¥· Éµ· ³ l2y, ly3 ¨ P2 µ¡² ¤ ÕÉ
¸Ë¥·¨Î¥¸±¨¥ ËÊ´±Í¨¨  ·£Ê³¥´Éµ¢ ŷ:

(l2y − a(a+ 1))|aα〉 , (ly3 − α)|aα〉 , (P2 − (−1)a)|aα〉 = 0 . (72)
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ˆ¸¶µ²Ó§µ¢ ¢ ¶¥·¥Î¨¸²¥´´Ò¥ ¸¢µ°¸É¢  (70)Ä(72) ¸µ³´µ¦¨É¥²¥° ¶·µ¨§¢¥¤¥-
´¨° (54) ¨ (57) ¨ ¨§¢¥¸É´µ¥ · ¢¥´¸É¢µ ¤²Ö ±µÔËË¨Í¨¥´Éµ¢ Š²¥¡Ï Åƒµ·¤µ´ 

Ccδaαbβ = (−1)c−a−bCcδbβaα , (73)

´¥É·Ê¤´µ ¶µ± § ÉÓ, ÎÉµ ²Õ¡ Ö ¡¨¸Ë¥·¨Î¥¸± Ö £ ·³µ´¨±  |`mab〉 ¨ ¸µµÉ¢¥É-
¸É¢ÊÕÐ Ö ¥° £¨¶¥·£ ·³µ´¨±  |L`mab〉 Ö¢²ÖÕÉ¸Ö µ¤´µ¢·¥³¥´´µ ¸µ¡¸É¢¥´´Ò³¨
ËÊ´±Í¨Ö³¨ µ¶¥· Éµ·µ¢ P1, P2, P , l2x, l

2
y, l

2, l3,   ¤¥°¸É¢¨¥ µ¶¥· Éµ·  T ´ 
É ±¨¥ £ ·³µ´¨±¨ ¸¢µ¤¨É¸Ö ± ¶¥·¥¸É ´µ¢±¥ ¨´¤¥±¸µ¢ a ¨ b ¨ Ê³´µ¦¥´¨Õ ´ 
µ¶·¥¤¥²¥´´Ò° Ë §µ¢Ò° ³´µ¦¨É¥²Ó. ‚ ¸¨²Ê · ¢¥´¸É¢ (68) ¨ (69) £¨¶¥·£ ·³µ-
´¨±¨ Ö¢²ÖÕÉ¸Ö ¸µ¡¸É¢¥´´Ò³¨ ËÊ´±Í¨Ö³¨ µ¶¥· Éµ·  L2. �·µ¸Ê³³¨·Ê¥³ ¢¸¥
Ê¶µ³Ö´ÊÉÒ¥ ¸¢µ°¸É¢  ¸²¥¤ÊÕÐ¨³ ±µ³¶ ±É´Ò³ µ¡· §µ³:

(P1 − (−1)b)|Q`mab 〉, (P2 − (−1)a)|Q`mab 〉 , (P − (−1)a+b)|Q`mab 〉 = 0 , (74)

(l2x − b(b+ 1))|Q`mab 〉 , (l2y − a(a+ 1))|Q`mab 〉 = 0 ,

(l2 − `(`+ 1))|Q`mab 〉 , (l3 −m)|Q`mab 〉 , |Q`mab 〉 = |`mab〉 , |L`mab〉;
T |`mab〉 = (−1)`−a−b|`mba〉 ,
T |L`mab〉 = (−1)(L−2`+a+b)/2|L`mba〉 ,

(
L2 − L(L+ 4)

)
|L`mab〉 = 0 .

�¶¥· Éµ· D(ω) ¶µ¢µ·µÉ  (43) ¸¨¸É¥³Ò ±µµ·¤¨´ É S3 ± ¸¨¸É¥³¥ S3p ¸¢Ö-
§Ò¢ ¥É ËÊ´±Í¨¨ (54), (57) ¨ (58), § ¶¨¸ ´´Ò¥ ¢ ¸¨¸É¥³¥ S3 ¢ ±µµ·¤¨´ É Ì
Ω ¨²¨ Ω′, ¸ ²¨´¥°´Ò³¨ ±µ³¡¨´ Í¨Ö³¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ËÊ´±Í¨°, § ¶¨¸ ´-
´ÒÌ ¢ ¸¨¸É¥³¥ S3p ¢ ±µµ·¤¨´ É Ì Ωp ¨²¨ Ω′p, ¨ ËÊ´±Í¨° ‚¨£´¥·  D`

mmp(ω).
� §¨¸´Ò¥ ËÊ´±Í¨¨ £¨¶¥·Ê£²µ¢ Ω ¶·¥µ¡· §ÊÕÉ¸Ö ¶µ ¶· ¢¨² ³

Yδ(q̂) = D−1(ω)Ycδ(q̂p) =
∑
δp

Dc∗
δδp

(ω)Ycδp(q̂p) , q = x, y , (75)

Y`mab (x̂, ŷ) = D−1(ω)Y`mab (x̂p, ŷp) =
∑
mp

D`∗
mmp(ω)Y`mpab (x̂p, ŷp) , (76)

Y `mab (Ω) = D−1(ω)Y `mab (Ωp) =
∑
mp

D`∗
mmp

(ω)Y
`mp
Lab (Ωp) , (77)

  ¶· ¢¨²  ¶·¥µ¡· §µ¢ ´¨Ö ÔÉ¨Ì ¦¥ ¡ §¨¸´ÒÌ ËÊ´±Í¨°, ´µ µÉ  ·£Ê³¥´Éµ¢ Ω′

¶µ²ÊÎ ÕÉ¸Ö § ³¥´µ° Ω→ Ω′ ¨ Ωp → Ω′p.
�¥·¥µ¶·¥¤¥²¨³ £¨¶¥·£ ·³µ´¨±¨ (54) ¸²¥¤ÊÕÐ¨³ µ¡· §µ³ [67]:

Y `mLab(Ω) = ρ−1(ϕ)Y`mab (x̂, ŷ) W̃Lab(ϕ) , (78)

〈ϕ|Lãb〉 = W̃Lab(ϕ) ≡ ρ(ϕ)WLab(ϕ) . (79)

ˆ§ ÔÉ¨Ì µ¶·¥¤¥²¥´¨° ¨ · ¢¥´¸É¢ (66)Ä(69) ¸²¥¤ÊÕÉ ¤¢  Ë ±É . ‚µ-¶¥·¢ÒÌ,
¸Î¥É´µ¥ (L = a+b, a+b+2, ...) ³´µ¦¥¸É¢µ ËÊ´±Í¨° |Lãb〉 Ö¢²Ö¥É¸Ö ¶µ²´Ò³ ¨
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µ·Éµ´µ·³¨·µ¢ ´´Ò³ ¸ ¥¤¨´¨Î´Ò³ ¢¥¸µ³ ¡ §¨¸µ³ ¤²Ö · §²µ¦¥´¨Ö ¡¨¸Ë¥·¨-
Î¥¸±µ° ±µ³¶µ´¥´ÉÒ Ψ`m

ab ¶·µ¨§¢µ²Ó´µ° ËÊ´±Í¨¨ Ψ ´  µÉ·¥§±¥ 0 ≤ ϕ ≤ π/2:

〈Lãb|L′ãb〉 =
∫ π/2

0

dϕ W̃Lab(ϕ) W̃L′ab = δLL′ , (80)

Ψ`m
ab (r, ϕ) =

∑
L

Ψ`m
Lab(r) W̃Lab(ϕ) , (81)

Ψ`m
Lab(r, ϕ) ≡ 〈Lãb|Ψ`m

ab 〉 ≡
∫ π/2

0

dϕW̃Lab(ϕ)Ψ`m
ab (r, ϕ) .

‚µ-¢Éµ·ÒÌ, ËÊ´±Í¨¨ |Lãb〉 ¸ · §´Ò³¨ L = a+ b, a+ b+2, ..., ´µ Ë¨±¸¨·µ¢ ´-
´Ò³¨ a ¨ b, Ö¢²ÖÕÉ¸Ö ¸µ¡¸É¢¥´´Ò³¨ ¤²Ö µ¶¥· Éµ·  L̃2

ab:

(L̃2
ab − (L + 2)2)|Lãb〉 = 0, (82)

L̃2
ab ≡ −∂2

ϕ + a(a+ 1)/ sin2 ϕ+ b(b+ 1)/ cos2 ϕ . (83)

�¶¨Ï¥³ · §²µ¦¥´¨Ö ËÊ´±Í¨° ±² ¸¸  L2(S5
xy), ¶·¥¤¸É ¢²¥´´ÒÌ ¢ ¢¨¤¥

Ψε(r) = (xy)−1 Uε(r) = 2r−2cosec2ϕUε(r) (84)

¨ Ö¢²ÖÕÐ¨Ì¸Ö ¸µ¡¸É¢¥´´Ò³¨ ¤²Ö É·¥Ì µ¶¥· Éµ·µ¢ l2, l3 ¨ P :

(l2 − `(`+ 1))|Ψε〉, (l3 −m)|Ψε〉, (P − σ)|Ψε〉 = 0 , ε ≡ (`,m, σ). (85)

‡¤¥¸Ó ¨ ¤ ²¥¥ ¸µ¡¸É¢¥´´Ò¥ ËÊ´±Í¨¨ µ¶·¥¤¥²¥´´µ£µ ´ ¡µ·  µ¶¥· Éµ·µ¢ ¶µ-
³¥Î ¥³ ³Ê²ÓÉ¨¨´¤¥±¸µ³ ε, ±µ³¶µ´¥´ÉÒ ±µÉµ·µ£µ Å ¸µ¡¸É¢¥´´Ò¥ Î¨¸²  ÔÉ¨Ì
µ¶¥· Éµ·µ¢. Œ´µ¦¥¸É¢µ É ±¨Ì ËÊ´±Í¨° ¢ ±² ¸¸¥ L2(S5

xy) µ¡µ§´ Î ¥³ ¸¨³¢µ-
²µ³ Aε.

‚ ¸¨²Ê · ¢¥´¸É¢ (74) ¤²Ö ËÊ´±Í¨° (84) · §²µ¦¥´¨Ö (64) ¨ (65) ¶µ ¡ §¨¸ ³
¡¨¸Ë¥·¨Î¥¸±¨Ì £ ·³µ´¨± (57) ¨ £¨¶¥·£ ·³µ´¨± (54) ¨²¨ (78) ¢Ò·µ¦¤ ÕÉ¸Ö ¢
¤¢ÊÌ- ¨ É·¥Ì±· É´Ò¥ ¸Ê³³Ò:

Ψε(r) = (xy)−1
∑
ab

U `ab(r, ϕ)Y`mab (x̂, ŷ) , U `ab(r, ϕ) ≡ 〈`mab|Uε〉 ; (86)

Ψε(r) = r−2
∑
Lab

U `Lab(r, ϕ)Y `mLab(Ω) , U `Lab(r) ≡ 〈L`mab|Uε〉, (87)

¢ ±µÉµ·ÒÌ ¨´¤¥±¸Ò a ¨ b ¶µ¤Î¨´¥´Ò Ê¸²µ¢¨Õ (−1)a+b = σ. „²Ö ¶µ²-
´µÉÒ µ¶¨Ï¥³  ²ÓÉ¥·´ É¨¢´Ò° ¢Ò¢µ¤ ¶·¥¤¸É ¢²¥´¨Ö (87). “ÎÉÖ · ¢¥´¸É¢o
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xy = r2ρ(ϕ), · §²µ¦¨³ ¡¨¸Ë¥·¨Î¥¸±¨¥ ±µ³¶µ´¥´ÉÒ ρ−1U `ab ËÊ´±Í¨¨ r2Ψε ¢
·Ö¤Ò ¶µ ¡ §¨¸ ³ (55) ¨²¨ (79). ’µ£¤  ¶µ²ÊÎ¨³ ·Ö¤Ò

U `ab(r, ϕ) = ρ(ϕ)
∑
L

U `Lab(r)WLab(ϕ) =
∑
L

U `Lab(r) W̃Lab(ϕ) , (88)

U `Lab(r) ≡
∫ π/2

0

dϕρ(ϕ)WLab(ϕ)U `ab(r, ϕ) =

∫ π/2

0

dϕ W̃Lab(ϕ)U `ab(r, ϕ) .

ˆ¸¶µ²Ó§ÊÖ ¨Ì, ¶·¥µ¡· §µ¢Ò¢ ¥³ ·Ö¤ (86) ¢ ·Ö¤ (87). ‘ ¶µ³µÐÓÕ µ¶·¥¤¥²¥-
´¨° (39), (68) ¨ (83) ¢Ò¢µ¤¨³ Éµ¦¤¥¸É¢ 

(L2 + 4) (xy)−1Y`mab (x̂, ŷ)Q(r, ϕ) ≡ Y`mab (x̂, ŷ) (L2
ab + 4)(xy)−1Q(r, ϕ) ≡

≡ (xy)−1 Y `mab (Ω) L̃2
abQ(r, ϕ) , ∀Q(r, ϕ). (89)

‚ § ±²ÕÎ¥´¨¥ µÉ³¥É¨³, ÎÉµ Ô±µ´µ³´Ò¥  ²£µ·¨É³Ò ¢ÒÎ¨¸²¥´¨Ö ¡¨¸Ë¥·¨-
Î¥¸±¨Ì ËÊ´±Í¨° ¸ ` ≤ 3 ¶·¥¤²µ¦¥´Ò ¢ · ¡µÉ¥ [111].

2.2.3. Š¨´¥³ É¨Î¥¸±µ¥ ¶·¥µ¡· §µ¢ ´¨¥ ¨ É¥µ·¥³Ò ¸²µ¦¥´¨Ö. �´ ²¨§
±¨´¥³ É¨Î¥¸±µ£µ ¶·¥µ¡· §µ¢ ´¨Ö Ê£²µ¢ÒÌ ¡ §¨¸µ¢ ´ Î´¥³ ¸ ¸ ³ÒÌ ¶·µ¸ÉÒÌ
¶·¨³¥·µ¢. ‚ ± Î¥¸É¢¥ É ±¨Ì · ¸¸³µÉ·¨³ ¨§¢¥¸É´Ò¥ É¥µ·¥³Ò ¸²µ¦¥´¨Ö ¤²Ö
¶µ²¨´µ³µ¢ ‹¥¦ ´¤·  Pn ¨ Ï ·µ¢ÒÌ ¸Ë¥·¨Î¥¸±¨Ì ¨ ¡¨¸Ë¥·¨Î¥¸±¨Ì ËÊ´±Í¨°,
¸¢Ö§ ´´ÒÌ ¸ £¨¶¥·£ ·³µ´¨± ³¨ (54) Ëµ·³Ê² ³¨ [24]:

Ybβ(x) ≡ xb Y bβb0b(Ω) , Y`mab (x,y) ≡ r` Y `ma+b,ab(Ω) . (90)

‘²µ¢µ¸µÎ¥É ´¨¥³ É¥µ·¥³  (Ëµ·³Ê² ) ¸²µ¦¥´¨Ö Î ¸Éµ ´ §Ò¢ ÕÉ · §²µ¦¥-
´¨¥ ËÊ´±Í¨¨ µÉ ¸Ê³³Ò ¤¢ÊÌ ¢¥±Éµ·µ¢ ¢ ·Ö¤ ¶µ ËÊ´±Í¨Ö³, § ¢¨¸ÖÐ¨³ Éµ²Ó±µ
µÉ ±µµ·¤¨´ É µ¤´µ£µ ¨²¨ ¤·Ê£µ£µ ¢¥±Éµ· . �·¨³¥· É ±µ° Ë ±Éµ·¨§ Í¨¨ Å
É¥µ·¥³  ¸²µ¦¥´¨Ö [23] ¤²Ö ¸Ë¥·¨Î¥¸±¨Ì Ï ·µ¢ÒÌ ËÊ´±Í¨° (90):

Ybβ(z + v) =
∑
c+d=b

Abcd Y
bβ
cd (z,v) , Abcd ≡

(
4πΓ(2b+ 2)

Γ(2c+ 2)Γ(2d+ 2)

)1/2

. (91)

�ÉµÉ ¦¥ É¥·³¨´ (É¥µ·¥³  ¨²¨ Ëµ·³Ê²  ¸²µ¦¥´¨Ö) Î ¸Éµ ¨¸¶µ²Ó§Ê¥É¸Ö ¨ ¤²Ö
µ¡µ§´ Î¥´¨Ö · §²µ¦¥´¨Ö ËÊ´±Í¨¨,  ·£Ê³¥´É ±µÉµ·µ° ¸ ³ Ö¢²Ö¥É¸Ö ËÊ´±Í¨¥°
¤¢ÊÌ ¢¥±Éµ·µ¢ ¢ Ê¶µ³Ö´ÊÉÊÕ ¢ÒÏ¥ ¸Ê³³Ê ¸ · §¤¥²¥´´Ò³¨ ¶¥·¥³¥´´Ò³¨. •µ-
·µÏµ ¨§¢¥¸É´Ò° ¶·¨³¥· [6] É ±µ£µ ¶·¥¤¸É ¢²¥´¨Ö Å É¥µ·¥³  ¸²µ¦¥´¨Ö ¤²Ö
¶µ²¨´µ³µ¢ ‹¥¦ ´¤·  Pn(u),  ·£Ê³¥´É ±µÉµ·ÒÌ Ö¢²Ö¥É¸Ö ËÊ´±Í¨¥° (9) ¸Ë¥-
·¨Î¥¸±¨Ì ±µµ·¤¨´ É ¤¢ÊÌ ¢¥±Éµ·µ¢ x ¨ y. �¥·¥¶¨Ï¥³ ÔÉÊ É¥µ·¥³Ê ¢ ¢¨¤¥
É¥µ·¥³Ò ¸²µ¦¥´¨Ö ¤²Ö ËÊ´±Í¨° Θn0(u), µ¡· §ÊÕÐ¨Ì ¶µ²´Ò° ¨ µ·Éµ´µ·³¨-
·µ¢ ´´Ò° ¡ §¨¸ [23] ´  µÉ·¥§±¥ −1 ≤ u ≤ 1:

Θn0(u) =
√
n+ 1/2Pn(u) = (−1)n 2π Y00

nn(x̂, ŷ) , n = 0, 1, ... (92)
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Š¨´¥³ É¨Î¥¸±µ¥ ¶·¥µ¡· §µ¢ ´¨¥ (3) Ö±µ¡¨¥¢¸±¨Ì ±µµ·¤¨´ É (1) µ¤´µ¢·¥-
³¥´´µ ¶¥·¥¢µ¤¨É ¢¥±Éµ· x ¢ ¸Ê³³Ê x′ ¢¥±Éµ·µ¢ −x cos γ ¨ −y sin γ, ¢¥±Éµ· y
¢ ¸Ê³³Ê y′ ¢¥±Éµ·µ¢ x sinγ ¨ −y cos γ,   Ê£µ² ϕ ¢ ËÊ´±Í¨Õ (10) ϕ′(ϕ, u; γ)
¶¥·¥³¥´´ÒÌ u, ϕ ¨ γ. ‘²¥¤µ¢ É¥²Ó´µ, ¶µ¸É·µ¥´¨¥ · §²µ¦¥´¨° ±¨´¥³ É¨Î¥-
¸±µ£µ µ¡· §  Ψ(Ω′(Ω; γ)) = K(γ)Ψ(Ω) ¶µ Ê£²µ¢Ò³ ¡ §¨¸ ³ (59)  ·£Ê³¥´Éµ¢
Ω µ§´ Î ¥É ¤µ± § É¥²Ó¸É¢µ É¥µ·¥³ ¸²µ¦¥´¨Ö. �¥·¢Ò° ¸¶µ¸µ¡ ¤µ± § É¥²Ó¸É¢ 
É ±¨Ì É¥µ·¥³ Å ¶·¨³¥´¨ÉÓ Ê¦¥ ¨§¢¥¸É´Ò¥ ¸µµÉ´µÏ¥´¨Ö ¤µ²¦´Ò³ µ¡· §µ³.
„²Ö ¶·¨³¥·  · §²µ¦¨³ ±¨´¥³ É¨Î¥¸±¨° µ¡· §

〈Ω|K(γ)|Yb′β′(x̂)〉 = Yb′β′(x̂
′) (93)

¸Ë¥·¨Î¥¸±µ° ËÊ´±Í¨¨ Yb′β′(x̂) ¢ ·Ö¤ ¶µ ËÊ´±Í¨Ö³ ¶¥·¥³¥´´ÒÌ Ω. �·¨³¥´¨³
Ëµ·³Ê²Ê (91) ± ¶· ¢µ° Î ¸É¨ · ¢¥´¸É¢  (93). �¥§Ê²ÓÉ É ¶¥·¥¶¨Ï¥³ ¢ ±µµ·-
¤¨´ É Ì Ω. ‘É¥¶¥´¨ É·¨£µ´µ³¥É·¨Î¥¸±¨Ì ËÊ´±Í¨° Ê£²µ¢ ϕ, ϕ′ ¨ γ ¢Ò· §¨³
Î¥·¥§ ËÊ´±Í¨¨ (55). ‚ ¨Éµ£¥ ¶µ²ÊÎ¨³ ¨¸±µ³µ¥ · §²µ¦¥´¨¥:

〈Ω|K(γ)|Yb′β′(x̂)〉 = Yb′β′(x̂
′) =

(−1)b
′
Nb′0b′

Wb′0b′(ϕ′(ϕ, u; γ))
× (94)

×
∑

c+d=b′

Ab
′

cdN
−2
b′cdWb′cd(ϕ)Wb′cd(γ)Yb

′β′

cd (x̂, ŷ) .

�´ ²µ£¨Î´Ò³ µ¡· §µ³ ¤µ± §Ò¢ ¥³ Ëµ·³Ê²Ê

〈Ω|K(γ)|Ya′α′(ŷ)〉 = Ya′α′(ŷ
′) =

Na′a′0

Wa′a′0(ϕ′(ϕ, u; γ))
× (95)

×
∑

c+d=a′

(−1)cAa
′

cdN
−2
a′cdWa′cd(ϕ)Wa′dc(γ)Ya

′α′

cd (x̂, ŷ) .

�·¨³¥´¨¢ ¶· ¢¨²  (94) ¨ (95) ±¨´¥³ É¨Î¥¸±µ£µ ¶·¥µ¡· §µ¢ ´¨Ö ± ± ¦¤µ° ¸Ë¥-
·¨Î¥¸±µ° ËÊ´±Í¨¨, ¸µ¤¥·¦ Ð¥°¸Ö ¢ ¡¨¸Ë¥·¨Î¥¸±µ° £ ·³µ´¨±¥ Y`ma′b′(x̂′, ŷ′),
¶µ²ÊÎ¨³ ¥¥ · §²µ¦¥´¨¥ ¶µ ËÊ´±Í¨Ö³ ¶¥·¥³¥´´ÒÌ Ω:

〈Ω|K(γ)|Y`ma′b′(x̂, ŷ)〉 = Y`ma′b′(x̂′, ŷ′) = (96)

= (2a′ + 1)1/2(2b′ + 1)1/2
(−1)b

′
Na′+b′,a′b′

4πWa′+b′,a′b′(ϕ′(ϕ, u; γ))
×

×
∑

c+d=a′

(−1)cAa
′

cd

∑
e+f=b′

Ab
′

ef

Wa′+b′,d+e,c+f(γ)

Na′+b′,d+e,c+f

Wa′+b′,c+e,d+f(ϕ)

Na′+b′,c+e,d+f
×

×
∑
gh

BgceB
h
df


c e g
d f h
a′ b′ `

 Y`mgh (x̂, ŷ) ,

Bab ≡
(
(2a+ 1)(2b+ 1)

)1/2
Cc0a0b0 . (97)
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�É³¥É¨³, ÎÉµ ¢ ¸¨²Ê · ¢¥´¸É¢ (73) ±µÔËË¨Í¨¥´ÉÒ Bcab · ¢´Ò ´Ê²Õ ¢
¸²ÊÎ ¥ (−1)a+b+` = 1,   ¤µ± § ´´Ò¥ ¸µµÉ´µÏ¥´¨Ö (94)Ä(96) ¢¥·´Ò ¶·¨ ¢¸¥Ì
§´ Î¥´¨ÖÌ ¶ÖÉ¨ Ê£²µ¢ Ω ¨ ¶ · ³¥É·  γ, É.¥. Ö¢²ÖÕÉ¸Ö ¶ÖÉ¨³¥·´Ò³¨ Éµ¦¤¥-
¸É¢ ³¨ ¶µ ÔÉ¨³ Ï¥¸É¨ Ê£² ³.

‘²¥¤ÊÕÐ¨° ¸¶µ¸µ¡ ¤µ± § É¥²Ó¸É¢  É¥µ·¥³ ¸²µ¦¥´¨Ö ¤²Ö ¡ §¨¸µ¢ (59) ¡µ-
²¥¥ ¨§ÖÐ¥´, Î¥³ µ¶¨¸ ´´ Ö ¢ÒÏ¥ £·µ³µ§¤± Ö Í¥¶µÎ±  ¶µ¸É·µ¥´¨°, ¨ ¸µ¸Éµ¨É
¢ ·¥¤Ê±Í¨¨ ¨§¢¥¸É´ÒÌ ³´µ£µ³¥·´ÒÌ Éµ¦¤¥¸É¢, ¸¢Ö§Ò¢ ÕÐ¨Ì Ê£²µ¢Ò¥ ËÊ´±Í¨¨
 ·£Ê³¥´Éµ¢ Ω ¨ Ω′(Ω; γ), ± Éµ¦¤¥¸É¢ ³ ³¥´ÓÏ¥° · §³¥·´µ¸É¨. ’ ±µ¥ ¶µ¸É·µ-
¥´¨¥ ³µ¦´µ ·¥ ²¨§µ¢ ÉÓ ¢Ò¡µ·µ³ Î ¸É´ÒÌ §´ Î¥´¨° Ê£²µ¢ Ω, ¶·¨ ±µÉµ·ÒÌ
ËÊ´±Í¨¨, ¸µ¤¥·¦ Ð¨¥¸Ö ¢ ¨¸Ìµ¤´µ³ Éµ¦¤¥¸É¢¥, ¶·¨´¨³ ÕÉ ¡µ²¥¥ ¶·µ¸Éµ°
¢¨¤ ¨²¨ ¦¥ µ¡· Ð ÕÉ¸Ö ¢ ´Ê²Ó. „²Ö ¶·¨³¥·  ¨¸¸²¥¤Ê¥³ Éµ¦¤¥¸É¢  (94)Ä(96)
¶·¨ Î ¸É´ÒÌ §´ Î¥´¨ÖÌ ¨Ì  ·£Ê³¥´Éµ¢ (12) ¨ (13)Ä(15).

‘´ Î ²  ¶·¨¢¥¤¥³ ¢¸¶µ³µ£ É¥²Ó´Ò¥ Ëµ·³Ê²Ò. �·¨ Ô±¸É·¥³ ²Ó´ÒÌ §´ -
Î¥´¨ÖÌ  ·£Ê³¥´É  θq ¸Ë¥·¨Î¥¸±¨¥ ËÊ´±Í¨¨ Ycδ(q̂) µ¡· Ð ÕÉ¸Ö ¢ ´Ê²Ó, ¥¸²¨
δ 6= 0, ²¨¡µ § ¢¨¸ÖÉ Éµ²Ó±µ µÉ ¨Ì ¢Éµ·µ£µ  ·£Ê³¥´É  ϕq , ¶·¨Î¥³ [23]

Ycδ(v̂) = δδ0
√

(2c+ 1)/4π , v̂ = (0, 0), (98)

Ycδ(q̂) = Ycδ(v̂) (−1)(c−δ)θq/π exp(iδϕq).

�µÔÉµ³Ê ¢ ¸²ÊÎ ¥ (12), ±µ£¤  ϕx, θy, ϕy = 0 ¨ θy = θ, ¨³¥¥³

Ybβ(x̂) = Ybβ(v̂) , Yaα(ŷ) = (2π)−1/2 Θaα(u) ,

Yb′β′(x̂
′) = (−sign γ)β

′
(2π)1/2 Θb′β′(uxx′) , (99)

Ya′α′(ŷ
′) = (−1)α

′
(2π)−1/2 Θa′α′(uxy′) ,

  ¢ ¸²ÊÎ ¥ (13)Ä(15), ±µ£¤  ϕx, θx, θy, ϕy = 0, ¶µ²ÊÎ ¥³

Ycδ(q̂) = Ycδ(v̂) , q̂ = x̂, ŷ ; WLab(ϕ
′) = WLab(ϕ− γ) ; (100)

Yb′β′(x̂
′) = (−2signγ)β

′
2−β

′
(sign(π/2− γ + ϕ)− 1)β

′−b′Yb′β′(v̂) ,

Ya′α′(ŷ
′) = (−2)α

′
2−a

′
(sign(γ − ϕ)− 1)a

′−α′Ya′α′(v̂) .

ˆ¸¶µ²Ó§ÊÖ Ëµ·³Ê²Ò (98), (99), ¤µ± §Ò¢ ¥³, ÎÉµ ¢ ¸²ÊÎ ¥ (12) ¸µµÉ´µÏ¥-
´¨Ö (94)Ä(96) ¢Ò·µ¦¤ ÕÉ¸Ö ¢ ¤¢Ê³¥·´Ò¥ Éµ¦¤¥¸É¢  ¶µ ¶¥·¥³¥´´Ò³ u ¨ ϕ:

Θb′β′(uxx′) =
(−1)b

′
Nb′0b′√

2πWb′0b′(ϕ′(ϕ, u; γ))
(−sign γ)β

′ × (101)

×
∑

c+d=b′

√
d+ 1/2

Ab
′

cd

N2
b′cd

Cb
′β′

cβ′d0Wb′cd(ϕ)Wb′cd(γ)Θcβ′(u),

Θa′α′(uxy′) =
Na′a′0√

2πWa′a′0(ϕ′(ϕ, u; γ))
(−1)α

′
× (102)
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×
∑

c+d=a′

√
d+ 1/2

(−1)cAa
′

cd

N2
a′cd

Ca
′α′

cα′d0Wa′cd(ϕ)Wa′dc(γ)Θcα′(u) ,

(−1)m
∑
α′

(−sign γ)β
′
C`maα′bβ′ Θaα′(uxy′)Θb′β′(uxx′) = (103)

= ( (2a′ + 1)(2b′ + 1) )
1/2 (−1)b

′
Na′+b′,a′b′

4πWa′+b′,a′b′(ϕ′(ϕ, u; γ))
×

×
∑

c+d=a′

(−1)cAa
′

cd

∑
e+f=b′

Ab
′

ef

Wa′+b′,d+e,c+f(γ)

Na′+b′,d+e,c+f

Wa′+b′,c+e,d+f(ϕ)

Na′+b′,c+e,d+f
×

×
∑
gh

BgceB
h
df


c e g
d f h
a′ b′ `

 √
h+ 1/2C`mgmh0Θgm(u) .

‘ ¶µ³µÐÓÕ · ¢¥´¸É¢ (73) ¨ (100) ¶µ± §Ò¢ ¥³, ÎÉµ ¢ ¸²ÊÎ ¥ (13)Ä(15) Éµ¦-
¤¥¸É¢µ (94) c β′ 6= 0, Éµ¦¤¥¸É¢µ (95) c α′ 6= 0 ¨ Éµ¦¤¥¸É¢µ (96) c
m 6= 0, (−1)a

′+b′ 6= (−1)` ¢Ò·µ¦¤ ÕÉ¸Ö ¢ É·¨¢¨ ²Ó´µ¥ · ¢¥´¸É¢µ 0 ≡ 0.
…¸²¨ ¦¥ β′, α′,m, (−1)a

′+b′−`−1 = 0, Éµ ¢ · ¸¸³ É·¨¢ ¥³µ³ ¸²ÊÎ ¥ (13)Ä(15)
Éµ¦¤¥¸É¢  (94)Ä(96) ¶µ·µ¦¤ ÕÉ ¸²¥¤ÊÕÐ¨¥ É¥µ·¥³Ò ¸²µ¦¥´¨Ö ¤²Ö ËÊ´±Í¨°
WLa′b′ ¸ ¨´¤¥±¸µ³ L = a′ + b′:

Wb′0b′(ϕ−γ) = (2
√

2π)−1Nb′0b′ (−1)b
′ ∑
c+d=b′

Ab
′

cdB
b′

cdN
−2
b′cdWb′cd(ϕ)Wb′cd(γ) ,

Wa′a0(ϕ−γ) = (2
√

2π)−1Na′a′0
∑

c+d=a′

(−1)cAa
′

cdB
a′

cdN
−2
a′cdWa′cd(ϕ)Wa′dc(γ) ,

Wa′+b′,a′b′(ϕ− γ) = (−1)b
′
Na′+b′,a′b′(4πC

`0
a′0b′0)

−1×

×
∑

c+d=a′

(−1)cAa
′

cd

∑
e+f=b′

Ab
′

ef

Wa′+b′,d+e,c+f(γ)

Na′+b′,d+e,c+f

Wa′+b′,c+e,d+f(ϕ)

Na′+b′,c+e,d+f
×

×
∑
gh

BgceB
h
df


c e g
d f h
a′ b′ `

B`gh . (104)

„µ± § ´´Ò¥ ¸µµÉ´µÏ¥´¨Ö (104) ³µ¦´µ É· ±Éµ¢ ÉÓ ¨ ± ± ¶· ¢¨²  ¶·¥µ¡· -
§µ¢ ´¨Ö ËÊ´±Í¨¨ Wa+b,ab(ϕ) ¶·¨ ¸¤¢¨£¥ ¥¥  ·£Ê³¥´É  ´  Ê£µ² γ. �µ²¥§´µ
¶µ± § ÉÓ, ÎÉµ µ¶¥· Éµ· K(γ) ¢ Î ¸É´µ³ ¸²ÊÎ ¥ (13)Ä(15) ¸µ¢¥·Ï ¥É ¨³¥´´µ
É ±µ¥ ¶·¥µ¡· §µ¢ ´¨¥. ‘ ÔÉµ° Í¥²ÓÕ ¨¸¸²¥¤Ê¥³ ±¨´¥³ É¨Î¥¸±µ¥ ¶·¥µ¡· §µ-
¢ ´¨¥ (26) ËÊ´±Í¨¨ Ψ = WLab(ϕ). ‚ ¸¨²Ê · ¢¥´¸É¢ (42), (46) ¨ (50) ¨³¥¥³
¤¢Ê³¥·´Ò¥ ¶µ  ·£Ê³¥´É ³ u ¨ ϕ Éµ¦¤¥¸É¢ :

〈Ω|J |WLab(ϕ)〉 = 〈Ω|Jp|WLab(ϕ)〉 = u ∂ϕWLab(ϕ) , (105)

〈Ω|K(γ)|WLab(ϕ)〉 = 〈Ω|Kp(γ)|WLab(ϕ)〉 = WLab(ϕ
′(ϕ, u; γ)) ,
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±µÉµ·Ò¥ µ¶¨¸Ò¢ ÕÉ ±¨´¥³ É¨Î¥¸±µ¥ ¶·¥µ¡· §µ¢ ´¨¥ ËÊ´±Í¨¨ WLab(ϕ) ¢ ËÊ´±-
Í¨Õ ¶¥·¥³¥´´ÒÌ u ¨ ϕ. �µ² £ Ö u = 1 ¢ Éµ¦¤¥¸É¢ Ì (105), ¶¥·¥Ìµ¤¨³ ±
¸²ÊÎ Õ (13)Ä(15) ¨ ¶µ²ÊÎ ¥³ µ¶¥· Éµ·´Ò¥ Ëµ·³Ê²Ò ¤¨ËË¥·¥´Í¨·µ¢ ´¨Ö ¨
¸¤¢¨£   ·£Ê³¥´É  ËÊ´±Í¨¨ WLab(ϕ) ´  Ê£µ² γ:

JpWLab(ϕ) = ∂ϕWLab(ϕ) , Kp(γ)WLab(ϕ) = WLab(ϕ− γ) . (106)

’·¥É¨° ¨ ´ ¨¡µ²¥¥ µ¡Ð¨° ¶µ¤Ìµ¤ ± ¤µ± § É¥²Ó¸É¢Ê É¥µ·¥³ ¸²µ¦¥´¨Ö ¤²Ö
Ê£²µ¢ÒÌ ¡ §¨¸µ¢ (59) ¸µ¸Éµ¨É ¢ ¨¸¸²¥¤µ¢ ´¨¨ ¨´É¥£· ²µ¢ ¶¥·¥±·ÒÉ¨Ö ³¥¦¤Ê
¡ §¨¸´Ò³¨ ËÊ´±Í¨Ö³¨ ¨ ¨Ì ±¨´¥³ É¨Î¥¸±¨³¨ µ¡· § ³¨. �ÉµÉ ³¥Éµ¤ ¤¥³µ´-
¸É·¨·Ê¥É¸Ö ¢ ¶¶. 2.2.4 ¨ 2.2.5 µ¶¨¸ ´¨¥³ ¨§¢¥¸É´ÒÌ ¨ ´µ¢ÒÌ ¸¶µ¸µ¡µ¢ ¶µ´¨-
¦¥´¨Ö · §³¥·´µ¸É¨ É ±¨Ì ¨´É¥£· ²µ¢.

2.2.4. Š¨´¥³ É¨Î¥¸±µ¥ ¶·¥µ¡· §µ¢ ´¨¥ ¡¨¸Ë¥·¨Î¥¸±¨Ì ·Ö¤µ¢. —Éµ¡Ò ¸Ê-
Ð¥¸É¢¥´´µ ¸µ±· É¨ÉÓ ¢Ò±² ¤±¨, ¶µ¸ÉÊ¶¨³ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³. ‘´ Î ²  ¨¸-
¸²¥¤Ê¥³ ´¥ § ¢¨¸ÖÐ¨¥ µÉ ¢¨¤  ³´µ¦¨É¥²Ö Q(r, ϕ) ¸¢µ°¸É¢  ±¨´¥³ É¨Î¥¸±µ£µ
¶·¥µ¡· §µ¢ ´¨Ö (26) ¶·µ¨§¢¥¤¥´¨°

|Ψ〉 ≡ |Q`ma′b′〉 , Ψ(r) = Q(r, ϕ)Y`ma′b′(x̂, ŷ) . (107)

�µ²µ¦¨¢ ¢ ¢Ò¢¥¤¥´´ÒÌ Ëµ·³Ê² Ì Q ≡ 1,Ψ`m
a′b′ , U

`
a′b′ ,WLa′b′ , ¤µ± ¦¥³ ¶· -

¢¨²  ±¨´¥³ É¨Î¥¸±µ£µ ¶·¥µ¡· §µ¢ ´¨Ö ¡¨¸Ë¥·¨Î¥¸±µ£µ ¡ §¨¸ , ·Ö¤µ¢ (64),
(86) ¨ ¶·¥¤¸É ¢²¥´¨¥ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ µ¶¥· Éµ·  K(γ) ¢ £¨¶¥·¸Ë¥·¨Î¥-
¸±µ³ ¡ §¨¸¥ ¢ ¢¨¤¥ ¤¢µ°´ÒÌ ¨´É¥£· ²µ¢.

‘µ£² ¸´µ · ¢¥´¸É¢ ³ (25), (38), (40) ¨ (49) µ¶¥· Éµ·Ò P, l2, l3 ´¥ ¤¥°-
¸É¢ÊÕÉ ´  ¶¥·¥³¥´´ÊÕ ϕ ¨ ±µ³³ÊÉ¨·ÊÕÉ ¸ µ¶¥· Éµ· ³¨ J ¨ K(γ). ‡´ Î¨É,
ËÊ´±Í¨¨ É¨¶  (107) ¨ ¨Ì ±¨´¥³ É¨Î¥¸±¨¥ µ¡· §Ò JΨ ¨ K(γ)Ψ Ö¢²ÖÕÉ¸Ö ¸µ¡-
¸É¢¥´´Ò³¨ ËÊ´±Í¨Ö³¨ µ¶¥· Éµ·µ¢ P, l2, l3 ¨ µÉ¢¥Î ÕÉ ¸µ¡¸É¢¥´´Ò³ §´ Î¥´¨Ö³
`(` + 1), m ¨ σ′ = (−1)a

′+b′ . �¤´ ±µ µ¶¥· Éµ·Ò J ¨ K(γ) ´¥ ±µ³³ÊÉ¨·ÊÕÉ
¸ µ¶¥· Éµ· ³¨ l2x ¨ l2y. ‘²¥¤µ¢ É¥²Ó´µ, ±µÔËË¨Í¨¥´ÉÒ 〈`mab|K(γ)|Ψ〉 · §-
²µ¦¥´¨Ö ±¨´¥³ É¨Î¥¸±µ£µ µ¡· §  ËÊ´±Í¨¨ (107) ¶µ ¡¨¸Ë¥·¨Î¥¸±µ³Ê ¡ §¨¸Ê,
¢ÒÎ¨¸²Ö¥³Ò¥ ¶µ ¶· ¢¨² ³ (64), ¤¨ £µ´ ²Ó´Ò Éµ²Ó±µ ¶µ ±¢ ´Éµ¢Ò³ Î¨¸² ³
`,m, σ:

〈`′m′ab|K(γ)|Q`ma′b′〉 ≡ δ`′` δm′mδσ′σ 〈ab|K(γ)|Qa′b′〉`(ϕ) , (108)

〈ab|K(γ)|Qa′b′〉`(ϕ) ≡
∫
T 4
xy

dx̂ dŷ
(
Y`mab (x̂, ŷ)

)∗
Q(r, ϕ′)Y`ma′b′(x̂′, ŷ′) .

‡¤¥¸Ó ¶¥·¥³¥´´Ò¥ x̂′, ŷ′ ¨ ϕ′ Å ËÊ´±Í¨¨  ·£Ê³¥´Éµ¢ x̂, ŷ, ϕ ¨ ¶ · ³¥É·  γ.
�µÔÉµ³Ê ËÊ´±Í¨Õ Q(r, ϕ′) ´¥²Ó§Ö ¢Ò´¥¸É¨ ¨§-¶µ¤ §´ ±  ¨´É¥£· ² ,   ¸ ³
¨´É¥£· ² § ¢¨¸¨É µÉ ¨´¤¥±¸  ` ¨ Ö¢²Ö¥É¸Ö ËÊ´±Í¨¥°  ·£Ê³¥´É  ϕ ¨ ¶ · ³¥É· 
γ. ˆ¸¸²¥¤Ê¥³ ¨´É¥£· ²Ò É ±µ£µ É¨¶ .

‡ ¶¨¸ ¢ Éµ¦¤¥¸É¢  (47) ¨ (51) ¢ µ¡±² ¤± Ì 〈`mab| ¨ |Q`ma′b′〉 ¨ ¨¸¶µ²Ó-
§µ¢ ¢ ¸¢µ°¸É¢  (74) µ¶¥· Éµ·µ¢ (25), ¤µ± ¦¥³ ¸µµÉ´µÏ¥´¨Ö ¸¨³³¥É·¨¨:

〈ab|K(γ)|Qa′b′〉`(ϕ) = 〈Qa′b′|K(−γ)|ab〉`(ϕ) = (109)
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= 〈ba|K(γ)|Qb′a′〉`(π/2− ϕ) =

= (−1)a〈ab|K(−γ)|Qa′b′〉`(ϕ) =

= (−1)`+a
′
〈ba|K(π/2− γ)|Qa′b′〉`(π/2− ϕ) =

= (−1)`+a〈ab|K(π/2− γ)|Qb′a′〉`(π/2− ϕ) .

�´¨ µ§´ Î ÕÉ, ÎÉµ ËÊ´±Í¨¨ 〈ab|K(γ)|Qa′b′〉`(ϕ) ¸ ²Õ¡Ò³¨ ¨´¤¥±¸ ³¨ Ö¢²Ö-
ÕÉ¸Ö Î¥É´Ò³¨ ¨²¨ ´¥Î¥É´Ò³¨ µÉ´µ¸¨É¥²Ó´µ ÉµÎ±¨ γ = 0 ´  ¨´É¥·¢ ²¥
−π/2 < γ < π/2,   ¶·¨ a = b ¨ (¨²¨) a′ = b′ É ±¨¥ ËÊ´±Í¨¨ µ¡² ¤ ÕÉ µ¶·¥-
¤¥²¥´´µ° Î¥É´µ¸ÉÓÕ µÉ´µ¸¨É¥²Ó´µ ÉµÎ±¨ γ = π/4 ´  ¨´É¥·¢ ²¥ 0 < γ < π/2.

�·¨³¥´¨¢ · ¢¥´¸É¢  (27) ¨ (74), ¶µ²ÊÎ¨³

〈ab|K(0)|Qa′b′〉`(ϕ) = (−1)a
′+b′ δaa′ δbb′ Q(r, ϕ) , (110)

〈ab|K(π/2)|Qa′b′〉`(ϕ) = (−1)`−b
′
δab′ δa′bQ(r, π/2− ϕ) .

‚ ¸¨²Ê · ¢¥´¸É¢ (108) ¡¨¸Ë¥·¨Î¥¸±¨° ·Ö¤ (64) ËÊ´±Í¨¨ |Ψ〉 =
= K(γ)|Q`ma′b′〉 ¢Ò·µ¦¤ ¥É¸Ö ¢ ¤¢µ°´ÊÕ ¸Ê³³Ê:

K(γ)Q(r, ϕ)Y`ma′b′(x̂, ŷ) = Q(r, ϕ′)Y`ma′b′(x̂′, ŷ′) = (111)

=
∑
ab

〈ab|K(γ)|Qa′b′〉`(ϕ) Y`mab (x̂, ŷ) ,

£¤¥ a ¨ b ¶·µ¡¥£ ÕÉ ¢¸¥ ¢µ§³µ¦´Ò¥ ¶·¨ ¤ ´´ÒÌ ` ¨ σ §´ Î¥´¨Ö. �·¨ γ = 0 ¨
γ = π/2, ¡² £µ¤ ·Ö · ¢¥´¸É¢ ³ (110), ÔÉ  ¸Ê³³  ¸µ¤¥·¦¨É µ¤´µ ¸² £ ¥³µ¥.

� ¢¥´¸É¢µ (111) ¸¶· ¢¥¤²¨¢µ ¶·¨ ¢¸¥Ì §´ Î¥´¨ÖÌ Ê£²µ¢ Ω, É.¥. Ö¢²Ö¥É¸Ö
¶ÖÉ¨³¥·´Ò³ Éµ¦¤¥¸É¢µ³ ¶µ ¶¥·¥³¥´´Ò³ x̂, ŷ ¨ ϕ, µÉ ±µÉµ·ÒÌ § ¢¨¸ÖÉ ¶¥-
·¥³¥´´Ò¥ x̂′, ŷ′ ¨ ϕ′. ‚ Î ¸É´µ³ ¸²ÊÎ ¥ (12) ¢Ò¶µ²´ÖÕÉ¸Ö · ¢¥´¸É¢  (99) ¨
¶µÔÉµ³Ê Éµ¦¤¥¸É¢µ (111) ¸É ´µ¢¨É¸Ö ¤¢Ê³¥·´Ò³ Éµ¦¤¥¸É¢µ³ ¶µ ¶¥·¥³¥´´Ò³
ϕ ¨ u:

Q(r, ϕ′)
∑
α′

(signγ)α
′
C`ma′α′b′β′ Θa′α′(uxy′)Θb′β′(uxx′) = (112)

=
∑
ab

(−signγ)m
√
b+ 1/2C`mamb0Θam(u) 〈ab|K(γ)|Qa′b′〉`(ϕ),

£¤¥ uab ¨ ϕ′ Å ËÊ´±Í¨¨ (10) ¨ (11) ¶¥·¥³¥´´ÒÌ ϕ, u ¨ ¶ · ³¥É·  γ. ‚ Î ¸É-
´µ³ ¸²ÊÎ ¥ (13)Ä(15) Éµ¦¤¥¸É¢µ (111), ¡² £µ¤ ·Ö · ¢¥´¸É¢ ³ (100) ¨ µ¶·¥¤¥²¥-
´¨Ö³ (97) ±µÔËË¨Í¨¥´Éµ¢ Bcab, ¢Ò·µ¦¤ ¥É¸Ö ¢ É·¨¢¨ ²Ó´µ¥ · ¢¥´¸É¢µ 0 = 0,
¥¸²¨ m, (−1)a+b+` − 1 6= 0. …¸²¨ m, (−1)a+b+` − 1 = 0, Éµ ÔÉµ Éµ¦¤¥¸É¢µ
¸É ´µ¢¨É¸Ö µ¤´µ³¥·´Ò³ Éµ¦¤¥¸É¢µ³ ¶µ ¶¥·¥³¥´´µ° ϕ ¨ ¶ · ³¥É·Ê γ:

B`a′b′ Q(r, ϕ− γ) =
∑
ab

B`ab 〈ab|K(γ)|Qa′b′〉`(ϕ) . (113)
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—¥ÉÒ·¥Ì±· É´Ò° ¨´É¥£· ² (108) ³µ¦´µ ¸¢¥¸É¨ ± µ¤´µ³¥·´µ³Ê. ‘´ Î ² 
µ¶¨Ï¥³ ¸ ³Ò° ¶·µ¸Éµ° ¸¶µ¸µ¡ É ±µ° ·¥¤Ê±Í¨¨. “³´µ¦¨³ ± ¦¤µ¥ (m =
= −`, ..., `) Éµ¦¤¥¸É¢µ (112) ´  ¸µµÉ¢¥É¸É¢ÊÕÐÊÕ ËÊ´±Í¨Õ C`mamb0 Θam(u),
¶·µ¨´É¥£·¨·Ê¥³ ¶µ²ÊÎ¨¢Ï¨¥¸Ö · ¢¥´¸É¢  ¶µ ¶¥·¥³¥´´µ° u ´  µÉ·¥§±¥ [−1, 1]
¨, ´ ±µ´¥Í, ¶·µ¸Ê³³¨·Ê¥³ ¶µ²ÊÎ¨¢Ï¨¥¸Ö ¨´É¥£· ²Ó´Ò¥ ¸µµÉ´µÏ¥´¨Ö ¶µ ¨´-
¤¥±¸Ê m. ˆÉµ£µ¢ÊÕ ¸Ê³³Ê Ê¶·µ¸É¨³, ¨¸¶µ²Ó§µ¢ ¢ Ê¸²µ¢¨Ö µ·Éµ£µ´ ²Ó´µ¸É¨
¤²Ö ËÊ´±Í¨° Θ`m ¨ ±µÔËË¨Í¨¥´Éµ¢ Š²¥¡Ï Åƒµ·¤µ´  [23]:∫ 1

−1

duΘam(u)Θbm(u) = δab ,
∑̀
m=−`

C`mamb0 C
`m
amc0 = δbc

2`+ 1

2b+ 1
. (114)

’ ±¨³ ¸¶µ¸µ¡µ³ ¤²Ö ¨´É¥£· ²  (108) ¢Ò¢µ¤¨³ ¨¸±µ³µ¥ ¶·¥¤¸É ¢²¥´¨¥:

〈ab|K(γ)|Qa′b′〉`(ϕ) =

∫ 1

−1

duK`
aba′b′(ϕ, u; γ)Q(r, ϕ′(ϕ, u; γ)) , (115)

K`
aba′b′(ϕ, u; γ) =

√
4b+ 2

2`+ 1

∑
m

(−signγ)m C`mamb0Θam(u)× (116)

×
∑
α′

(signγ)α
′
C`ma′α′b′β′ Θa′α′(uxy′)Θb′β′(uxx′) .

‚ ¶ÖÉ¨ Î ¸É´ÒÌ ¸²ÊÎ ÖÌ, ±µ£¤  ` = 0 ²¨¡µ ` 6= 0,   ¤¢  ¨´¤¥±¸  ¨§ Î¥É¢¥·±¨
¨´¤¥±¸µ¢ (a, b, a′, b′) · ¢´Ò ´Ê²Õ, ¤¢µ°´ Ö ¸Ê³³  (116) § ³¥É´µ Ê¶·µÐ ¥É¸Ö:

K0
aaa′a′(ϕ, u; γ) = (−1)a+a

′ (
(2a+ 1)(2a′ + 1)

)1/2
Pa(u)Pa′(ux′y′) ,

K`
0`0`(ϕ, u; γ) = P`(uxx′) , K`

`0`0(ϕ, u; γ) = P`(uyy′) , (117)

K`
0``0(ϕ, u; γ) = P`(uxy′) , K`

`00`(ϕ, u; γ) = P`(uyx′) .

� ¶µ³´¨³, ÎÉµ ¢ · ¢¥´¸É¢ Ì (116) ¨ (117)  ·£Ê³¥´ÉÒ ËÊ´±Í¨° Θam ¨ Pn
Ö¢²ÖÕÉ¸Ö ËÊ´±Í¨Ö³¨ (11) ´¥§ ¢¨¸¨³ÒÌ ¶¥·¥³¥´´ÒÌ u ¨ ϕ.

�·¨¢¥¤¥³ ¨´µ° ¢Ò¢µ¤ [67] ¸µµÉ´µÏ¥´¨° (115)Ä(117), µ¸´µ¢ ´´Ò° ´  ¶· -
¢¨² Ì ¶·¥µ¡· §µ¢ ´¨Ö ¡¨¸Ë¥·¨Î¥¸±¨Ì ËÊ´±Í¨° ¶·¨ É·¥Ì³¥·´ÒÌ ¶µ¢µ·µÉ Ì.
‚ ¨´É¥£· ²¥ (108) § ³¥´¨³ ÔÉ¨ ËÊ´±Í¨¨ ¸Ê³³ ³¨ (76) ¨ ¶¥·¥°¤¥³ µÉ ¶¥·¥-
³¥´´ÒÌ x̂, ŷ ± ¶¥·¥³¥´´Ò³ ω ¨ u. ’µ£¤  ¢ ¶µ¤Ò´É¥£· ²Ó´µ° ËÊ´±Í¨¨ µÉ
¸µ¢µ±Ê¶´µ¸É¨ ω É·¥Ì Ê£²µ¢ �°²¥·  (16) ¡Ê¤ÊÉ § ¢¨¸¥ÉÓ Éµ²Ó±µ ¶·µ¨§¢¥¤¥´¨Ö

(D`
mmp(ω))∗D`

m′mp(ω) .

…¸²¨ ¶·¨³¥´¨ÉÓ ¸µµÉ´µÏ¥´¨Ö µ·Éµ£µ´ ²Ó´µ¸É¨ ¤²Ö D-ËÊ´±Í¨° [23] ¨ ¢ÒÎ¨-
¸²¨ÉÓ ¨´É¥£· ²Ò ¶µ Ê£² ³ ω µÉ É ±µ£µ ¶·µ¨§¢¥¤¥´¨Ö, Éµ ¶µ²ÊÎ¨É¸Ö µ¤´µ±· É-
´Ò° ¨´É¥£· ² (115) ¸ Ö¤·µ³ (116).
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…Ð¥ µ¤¨´ ¨ ¸ ³Ò° £·µ³µ§¤±¨° ¸¶µ¸µ¡ ¶·¥µ¡· §µ¢ ´¨Ö ¨´É¥£· ²  (108) ±
µ¤´µ³¥·´µ³Ê ¨´É¥£· ²Ê (115) ¨ ¢Ò¢µ¤Ê ¤²Ö ËÊ´±Í¨¨ K`

aba′b′ ¶·¥¤¸É ¢²¥´¨Ö
¢ ¢¨¤¥ ¸¥³¨±· É´µ° ¸Ê³³Ò ¶µ¤·µ¡´µ µ¶¨¸ ´ ¢ ±´¨£¥ [21] ¢ ¸²ÊÎ ¥ · ¢´ÒÌ
³ ¸¸ Î ¸É¨Í. �¶¨Ï¥³ ÔÉµÉ ¸¶µ¸µ¡ ¤²Ö ¶·µ¨§¢µ²Ó´ÒÌ ³ ¸¸. ‚ ¨´É¥£· ²¥ (108)
§ ³¥´¨³ ËÊ´±Í¨Õ Y`ma′b′ ·Ö¤µ³ (96),   ËÊ´±Í¨Õ W−1

a′+b′,a′b′Q · §²µ¦¨³ ¢ ·Ö¤
¶µ ¡ §¨¸Ê (92):

W−1
a′+b′,a′b′(ϕ

′)Q(r, ϕ′) = 2π

∞∑
n=0

(−1)nY00
nn(x̂, ŷ)×

×
∫ 1

−1

duΘn0(u)W
−1
a′+b′,a′b′(ϕ

′(u, ϕ; γ))Q(r, ϕ′(ϕ, u; γ)) . (118)

„ ²¥¥ ¶·µ¨´É¥£·¨·Ê¥³ ¶·µ¨§¢¥¤¥´¨Ö É·¥Ì ¡¨¸Ë¥·¨Î¥¸±¨Ì ËÊ´±Í¨° ¶µ Éµ·Ê
T 4
xy ¸ ¶µ³µÐÓÕ ¨§¢¥¸É´µ° Ëµ·³Ê²Ò [23]:

Y00
nn(x̂, ŷ)Y`mab (x̂, ŷ) =

=
(−1)a+b+`

4π(2n+ 1)1/2

∑
cd

(−1)cBcanB
d
bn

{
d c `
a b n

}
Y`mcd (x̂, ŷ) , (119)

£¤¥ ±µÔËË¨Í¨¥´ÉÒ Bacd § ¤ ´Ò Ëµ·³Ê² ³¨ (97). ˆ¸¶µ²Ó§ÊÖ ¶µ²ÊÎ¨¢Ï¨¥¸Ö
· ¢¥´¸É¢ :

Γ`naba′b′ ≡
∫
T 4
xy

dx̂ dŷ (Y`mab (x̂, ŷ))∗ Y00
nn(x̂, ŷ)Y`ma′b′(x̂, ŷ) = (120)

=
(−1)a

′+b′+`

4π(2n+ 1)1/2
Baa′nB

b
b′n

{
b a `
a′ b′ n

}
,

¸¢µ¤¨³ ¨¸¸²¥¤Ê¥³Ò° ¨´É¥£· ² (108) ± µ¤´µ±· É´µ³Ê ¨´É¥£· ²Ê (115) ¸ Ö¤·µ³:

K`
aba′b′(ϕ, u; γ) = (−1)a

′+b′+b+` (2a+ 1)(2b+ 1)× (121)

× ( 2Γ(2a+ 1)Γ(2b+ 1) )
1/2

Na′+b′,a′b′W
−1
a′+b′,a′b′(ϕ

′(ϕ, u; γ))×

×
(a+b+a′+b′)/2∑

n=0

(−1)n
√

4n+ 2 Θn0(u)×

×
∑
d+e=a

∑
f+g=b

(−1)d ( Γ(2d+ 2)Γ(2e+ 2)Γ(2f + 2)Γ(2g + 2) )
−1/2 ×

×N−1
a+b,e+f,d+gN

−1
a+b,d+f,e+gWa+b,e+f,d+g(γ)Wa+b,d+f,e+g(ϕ)×

×
∑
s,t

Bsdf B
t
eg B

a′

nsB
b′

nt

{
b′ a′ `
s t n

} d e a
f g b
s t `

 .



1596 �“�›˜…‚ ‚.‚.

„µ ¸¨Ì ¶µ· ¶¥·¥³¥´´Ò¥ ϕ ¨ u ¡Ò²¨  ·£Ê³¥´É ³¨ Ö¤¥· K`
aba′b′ ¨´É¥£· -

²µ¢ (115) ¨ ¶·µ¨§¢µ²Ó´µ° ËÊ´±Í¨¨ Q(r, ϕ′(ϕ, u; γ)),   ¶¥·¥³¥´´ Ö u Å ¶¥·¥-
³¥´´µ° ¨´É¥£·¨·µ¢ ´¨Ö. �¶¨Ï¥³ ¡µ²¥¥ ¶µ¤·µ¡´µ, Î¥³ ¢ ±´¨£¥ [21], § ³¥´Ê
¶¥·¥³¥´´ÒÌ u→ ϕ′. ˆ§ · ¢¥´¸É¢  (10) ¢Ò· §¨³ ¶¥·¥³¥´´ÊÕ u ± ± ËÊ´±Í¨Õ
 ·£Ê³¥´Éµ¢ ϕ, ϕ′ ¨ ¶ · ³¥É·  γ:

u(ϕ,ϕ′; γ) = ( cos 2ϕ′ − cos 2γ cos 2ϕ ) cosec 2γ cosec 2ϕ . (122)

�µ¤¸É ¢¨¢ u ¢ É ±µ³ ¢¨¤¥ ¢ · ¢¥´¸É¢  (11), ¶µ²ÊÎ¨³ ËÊ´±Í¨¨ uab =
= uab(ϕ,ϕ

′; γ) ´µ¢ÒÌ ¶¥·¥³¥´´ÒÌ ϕ ¨ ϕ′:

uxx′ = − secϕ′
(

cos 2ϕ+ cos 2ϕ′ + cos 2γ + 1
)
/4 , (123)

uxy′ = −cosecϕ′
(

cos 2ϕ− cos 2ϕ′ − cos 2γ + 1
)
/4 ,

uyx′ = secϕ′
(

cos 2ϕ− cos 2ϕ′ + cos 2γ − 1
)
/4 ,

uyy′ = cosecϕ′
(

cos 2ϕ+ cos 2ϕ′ − cos 2γ − 1
)
/4 ,

ux′y′ = cosec 2ϕ′ cosec 2γ
(

cos 2ϕ+ cos 2ϕ′ cos 2γ
)
/4 .

‚ÒÎ¨¸²¨³ Ö±µ¡¨ ´ ¨¸¸²¥¤Ê¥³µ£µ ¶·¥µ¡· §µ¢ ´¨Ö u→ ϕ′

∂ϕ′ u(ϕ,ϕ
′; γ) = −t(ϕ,ϕ′; γ) signγ , t(ϕ,ϕ′; γ) ≡ 2 sin 2ϕ′

sin 2ϕ| sin 2γ| (124)

¨ ¶·¥¤¥²Ò ¨´É¥£·¨·µ¢ ´¨Ö C− ¨ C+ ¶µ ´µ¢µ° ¶¥·¥³¥´´µ° ϕ′, µÉ¢¥Î ÕÐ¨¥
£· ´¨Î´Ò³ §´ Î¥´¨Ö³ u = −1 ¨ u = 1 ¶¥·¥³¥´´µ° u. …¸²¨ γ > 0, Éµ ¢¸¥£¤ 
∂ϕ′u ≤ 0,   ¢¥·Ì´¨° ¶·¥¤¥² C+ ´¥ ³¥´ÓÏ¥ ´¨¦´¥£µ ¶·¥¤¥²  C−. �·¨ γ < 0
∂ϕ′u ≥ 0,   ¢¥·Ì´¨° ¶·¥¤¥² C+ ´¥ ¶·¥¢ÒÏ ¥É ´¨¦´¨° ¶·¥¤¥² C−. ‚ ¸²ÊÎ ¥
γ < 0 ³µ¦´µ ¶µ³¥´ÖÉÓ ¶·¥¤¥²Ò ¨´É¥£·¨·µ¢ ´¨Ö ³¥¸É ³¨ ¨ ¨§³¥´¨ÉÓ §´ ±
¶¥·¥¤ ¨´É¥£· ²µ³. ’ ±µ¥ Éµ¦¤¥¸É¢¥´´µ¥ ¶·¥µ¡· §µ¢ ´¨¥ ´¥ ¶µÉ·¥¡Ê¥É¸Ö, ¥¸²¨
¶·µ¨§¢µ¤´ÊÕ (124) § ³¥´¨ÉÓ ¥¥ ³µ¤Ê²¥³ t,   ´¨¦´¨° ¨ ¢¥·Ì´¨° ¶·¥¤¥²Ò C−
¨ C+ ¶¥·¥µ¶·¥¤¥²¨ÉÓ · ¢¥´¸É¢ ³¨

C−(ϕ; γ) ≡ |ϕ− |γ|| , C+(ϕ; γ) ≡ min {ϕ+ γ, π − ϕ− |γ|} . (125)

ˆ¸¶µ²Ó§ÊÖ ¸µµÉ´µÏ¥´¨Ö (123)Ä(125), § ¶¨¸Ò¢ ¥³ ¨´É¥£· ² (115) ¢ ¢¨¤¥

〈ab|K(γ)|Qa′b′〉`(ϕ) =

∫ C+(ϕ;γ)

C−(ϕ;γ)

dϕ′K`
aba′b′(ϕ,ϕ

′; γ)Q(r, ϕ′) , (126)

K`
aba′b′(ϕ,ϕ

′; γ) ≡ t(ϕ,ϕ′; γ)K`
aba′b′(ϕ, u(ϕ,ϕ

′; γ)) . (127)
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�Ê¸ÉÓ Q ≡ 1. ’µ£¤  ËÊ´±Í¨Ö (107) Å ¡¨¸Ë¥·¨Î¥¸± Ö £ ·³µ´¨± ,   · ¢¥´-
¸É¢  (109) ¨ (110) µ¶¨¸Ò¢ ÕÉ ¸¨³³¥É·¨Õ ¨ ¶·¥¤¥²Ó´Ò¥ §´ Î¥´¨Ö ³ É·¨Î´ÒÌ
Ô²¥³¥´Éµ¢ (108) µ¶¥· Éµ·  K(γ) ¢ ¡¨¸Ë¥·¨Î¥¸±µ³ ¡ §¨¸¥. �É¨ ³ É·¨Î´Ò¥
Ô²¥³¥´ÉÒ Ê¤µ¢²¥É¢µ·ÖÕÉ ¶· ¢¨² ³ ¸Ê³³ (112) ¨ (113) ¨ ¶·¥¤¸É ¢¨³Ò ¨´É¥-
£· ² ³¨ (115) µÉ ËÊ´±Í¨° (116), (117) ¨²¨ (121).

�·¨ Q ≡ Ψ`m
a′b′ Ëµ·³Ê²Ò (115), (116) ¨ (126), (127) ¸É ´µ¢ÖÉ¸Ö ¶· ¢¨-

² ³¨ ±¨´¥³ É¨Î¥¸±µ£µ ¶·¥µ¡· §µ¢ ´¨Ö ¸² £ ¥³µ£µ Ψ`m
a′b′Y`ma′b′ ¡¨¸Ë¥·¨Î¥¸±µ£µ

·Ö¤  (64) ¶·µ¨§¢µ²Ó´µ° ËÊ´±Í¨¨ Ψ. �·¨³¥´¨¢ ¨Ì ± ± ¦¤µ³Ê ¸² £ ¥³µ³Ê
ÔÉµ£µ ·Ö¤ , ¶µ²ÊÎ¨³ ¥£µ · §²µ¦¥´¨¥ ¶µ ¡¨¸Ë¥·¨Î¥¸±¨³ ËÊ´±Í¨Ö³ Y`mab (x̂, ŷ):

K(γ)
∑
`m

∑
a′b′

Ψ`m
a′b′(r, ϕ)Y`ma′b′(x̂, ŷ) =

∑
`m

∑
a′b′

Ψ`m
a′b′(r, ϕ

′)Y`ma′b′(x̂′, ŷ′) = (128)

=
∑
`m

∑
ab

Y`mab (x̂, ŷ)

∫ 1

−1

duK`
aba′b′(ϕ, u; γ)Ψ

`m
a′b′(r, ϕ

′(ϕ, u; γ)) =

=
∑
`m

∑
ab

Y`mab (x̂, ŷ)

∫ C+(ϕ;γ)

C−(ϕ;γ)

dϕ′K`
aba′b′(ϕ,ϕ

′; γ)Ψ`m
a′b′(r, ϕ

′) .

�É³¥É¨³, ÎÉµ ¸µ£² ¸´µ ÔÉ¨³ Ëµ·³Ê² ³ ±¨´¥³ É¨Î¥¸±¨° µ¡· § ËÊ´±Í¨¨ Ψ(x)
³µ¤Ê²Ö ¢¥±Éµ·  x, É.¥. ¡¨¸Ë¥·¨Î¥¸±¨° ·Ö¤ ¨§ µ¤´µ£µ ¸² £ ¥³µ£µ

Ψ(x) = Y00
00 (x̂, ŷ)Ψ00

00(x) , Ψ00
00(x) = (4π)Ψ(x) ,

Å ¡¥¸±µ´¥Î´ Ö ¸Ê³³  ¶µ ¢¸¥³ ¡¨¸Ë¥·¨Î¥¸±¨³ ËÊ´±Í¨Ö³ ¸ `,m = 0:

K(γ)Ψ(x) =
∑
ab

Y00
ab (x̂, ŷ)

∫ 1

−1

duK0
ab00(ϕ, u; γ)Ψ(r cosϕ′(ϕ, u; γ)) . (129)

…¸²¨ Q ≡ U `a′b′ , Éµ Ëµ·³Ê²Ò (115), (116) ¨ (126), (127) µ¶¨¸Ò¢ ÕÉ ±¨-
´¥³ É¨Î¥¸±µ¥ ¶·¥µ¡· §µ¢ ´¨¥ ¸² £ ¥³µ£µ U `a′b′Y`ma′b′ ·Ö¤  (86) ËÊ´±Í¨¨ (84),
¶µ¤Î¨´¥´´µ° Ê¸²µ¢¨Ö³ (85). „²Ö É ±µ° ËÊ´±Í¨¨

K(γ)Ψε(r) = K(γ)(xy)−1
∑
a′b′

U `a′b′(r, ϕ)Y`ma′b′(x̂, ŷ) = (130)

= (x′y′)−1
∑
a′b′

U `a′b′(r, ϕ
′)Y`ma′b′(x̂′, ŷ′) =

= (xy)−1
∑
ab

∑
a′b′

Y`mab (x̂, ŷ) 〈r, ϕ|h`aba′b′(γ)|U `a′b′〉 .

‡¤¥¸Ó ¢¢¥¤¥´ ¨´É¥£· ²Ó´Ò° µ¶¥· Éµ· h`aba′b′(γ). �µ µ¶·¥¤¥²¥´¨Õ µ´ µÉµ¡· -
¦ ¥É ¶·µ¨§¢µ²Ó´ÊÕ ËÊ´±Í¨Õ Q(r, ϕ), § ¤ ´´ÊÕ ¢ R2

+, ¢ µ¤´µ±· É´Ò¥ ¨´É¥-
£· ²Ò

〈r, ϕ|h`aba′b′(γ)|Q〉 ≡
∫ 1

−1

du h`aba′b′(ϕ, u; γ)Q(r, ϕ′(ϕ, u; γ)) = (131)
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=

∫ C+(ϕ;γ)

C−(ϕ;γ)

dϕ′ h`aba′b′(ϕ,ϕ
′; γ)Q(r, ϕ′) ,

Ö¤·  ±µÉµ·ÒÌ ¸¢Ö§ ´Ò ¸ ËÊ´±Í¨Ö³¨ (116) ¨ (127) · ¢¥´¸É¢ ³¨

h`aba′b′(ϕ, u; γ) ≡ (xy/x′y′)K`
aba′b′(ϕ, u; γ) , (132)

h`aba′b′(ϕ,ϕ
′; γ) ≡ (sin 2ϕ/ sin 2ϕ′)K`

aba′b′(ϕ,ϕ
′; γ) .

’¥¶¥·Ó, ¨¸¶µ²Ó§µ¢ ¢ ¶·¨¥³, µ¶¨¸ ´´Ò° ¢ · ¡µÉ¥ [67], ¸¢¥¤¥³ ³ É·¨Î´Ò¥
Ô²¥³¥´ÉÒ µ¶¥· Éµ·  K(γ) ¢ ¡ §¨¸¥ £¨¶¥·£ ·³µ´¨± ± ¤¢Ê³¥·´Ò³ ¨´É¥£· ² ³ ¸
Ö¤· ³¨ K`

aba′b′ . „²Ö ÔÉµ£µ ¶µ²µ¦¨³ Q = WLa′b′(ϕ). ˆ´É¥£· ² (108) Ê³´µ¦¨³
´  ËÊ´±Í¨Õ ρ2(ϕ)WLab(ϕ). �µ²ÊÎ¨¢Ï¥¥¸Ö ¢Ò· ¦¥´¨¥ ¶·µ¨´É¥£·¨·Ê¥³ ¶µ
¶¥·¥³¥´´µ° ϕ ´  µÉ·¥§±¥ [0, π/2]. ˆÉµ£µ¢Ò° ¨´É¥£· ² ¡Ê¤¥É ¨´É¥£· ²µ³ µÉ
¶·µ¨§¢¥¤¥´¨Ö £¨¶¥·£ ·³µ´¨± 〈L`mab|Ω〉 ¨ 〈Ω|K(γ)|L`ma′b′〉 ¶µ £¨¶¥·¸Ë¥·¥
S5
xy. ˆ´É¥£·¨·ÊÖ ¶µ Éµ·Ê T 4

xy ²Õ¡Ò³ ¨§ ¢ÒÏ¥µ¶¨¸ ´´ÒÌ ¸¶µ¸µ¡µ¢, ¶µ²ÊÎ ¥³
¤²Ö É ±µ£µ ¨´É¥£· ²  ¨¸±µ³µ¥ ¶·¥¤¸É ¢²¥´¨¥:

〈L`mab|K(γ)|L`ma′b′〉 ≡
∫
S5
xy

dΩ (Y `mLab(Ω))∗ Y `mLa′b′(Ω
′(Ω; γ)) =

=

∫ π/2

0

ρ2(ϕ)WLab(ϕ)

∫ 1

−1

duK`
aba′b′(ϕ, u; γ)WLa′b′(ϕ

′) . (133)

ˆ¸¶µ²Ó§µ¢ ¢ µ¶·¥¤¥²¥´¨Ö (79), (131) ¨ (132), ¶¥·¥¶¨Ï¥³ ÔÉµ ¶·¥¤¸É ¢²¥´¨¥ ¢
¢¨¤¥ ¸¢Ö§¨ ³¥¦¤Ê ³ É·¨Î´Ò³¨ Ô²¥³¥´É ³¨ µ¶¥· Éµ·µ¢ K(γ) ¨ h`aba′b′ ¢ ¡ §¨¸¥
£¨¶¥·£ ·³µ´¨± ¨ ËÊ´±Í¨° W̃Lab:

〈L`mab|K(γ)|L`ma′b′〉 = 〈Lãb|h`aba′b′(γ)|Lã′b′〉 ≡ (134)

≡
∫ π/2

0

dϕ W̃Lab(ϕ)

∫ C+(ϕ;γ)

C−(ϕ;γ)

dϕ′ h`aba′b′(ϕ,ϕ
′; γ) W̃La′b′(ϕ

′) .

‚ ¶·¨´Í¨¶¥, ¶·¥¤¸É ¢²¥´¨Ö (133) ¨ (134) ¶µ§¢µ²ÖÕÉ ¢µ¸¶·µ¨§¢¥¸É¨ ¸¢µ°-
¸É¢  ¢¸¥Ì ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ µ¶¥· Éµ·  K(γ) ¢ £¨¶¥·¸Ë¥·¨Î¥¸±µ³ ¡ §¨¸¥
¶µ ¨§¢¥¸É´Ò³ ¸¢µ°¸É¢ ³ Ö¤¥· K`

aba′b′ ¨²¨ h`aba′b′ . ’ ±µ° ¸¶µ¸µ¡ ¨¸¸²¥¤µ¢ -
´¨Ö ±¨´¥³ É¨Î¥¸±µ£µ ¶·¥µ¡· §µ¢ ´¨Ö £¨¶¥·£ ·³µ´¨± ´¥ Éµ²Ó±µ ¤µ ¸¨Ì ¶µ·
´¥ ·¥ ²¨§µ¢ ´ ¨§-§  µÉ¸ÊÉ¸É¢¨Ö ¶µ²´µ£µ  ´ ²¨§  ÔÉ¨Ì Ö¤¥· ± ± ËÊ´±Í¨° ¤¢ÊÌ
¶¥·¥³¥´´ÒÌ ϕ ¨ u ¨²¨ ϕ ¨ ϕ′, ´µ ¨ ¶·¥¤¸É ¢²Ö¥É¸Ö ¸²¨Ï±µ³ ¸²µ¦´Ò³. �µ²¥¥
¶·µ¸Éµ° ¶µ¤Ìµ¤, µ¸´µ¢ ´´Ò° ´  ¶·¨³¥´¥´¨¨ µ¶¥· Éµ·´ÒÌ ³¥Éµ¤µ¢ É¥µ·¨¨
Ê£²µ¢µ£µ ³µ³¥´É  ´¥¶µ¸·¥¤¸É¢¥´´µ ± £¨¶¥·£ ·³µ´¨± ³, µ¶¨¸Ò¢ ¥É¸Ö ´¨¦¥.

2.2.5. Š¨´¥³ É¨Î¥¸±µ¥ ¶·¥µ¡· §µ¢ ´¨¥ £¨¶¥·¸Ë¥·¨Î¥¸±¨Ì ·Ö¤µ¢. ‘´ Î ² 
µ¶¨Ï¥³ ±¨´¥³ É¨Î¥¸±µ¥ ¶·¥µ¡· §µ¢ ´¨¥ (26) £¨¶¥·£ ·³µ´¨± (54) ´  µ¶¥· -
Éµ·´µ³ Ö§Ò±¥. ‚ ¡ §¨¸¥ £¨¶¥·£ ·³µ´¨± ¥¤¨´¨Î´Ò° µ¶¥· Éµ· ¨³¥¥É µÎ¥´Ó ¶·µ-
¸Éµ¥ ¸¶¥±É· ²Ó´µ¥ ¶·¥¤¸É ¢²¥´¨¥:

I =
∑
L`mab

|L`mab〉 〈L`mab| , (135)
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  ³ É·¨ÍÒ µ¶¥· Éµ·µ¢ J ¨ K ¸ÊÐ¥¸É¢¥´´µ · §·¥¦¥´Ò, ¡² £µ¤ ·Ö ±µ³³Ê-
É Í¨µ´´Ò³ ¸µµÉ´µÏ¥´¨Ö³ (40) ¨ (49). ‚ ¸¨²Ê ÔÉ¨Ì ¸µµÉ´µÏ¥´¨° µ¡· §Ò
J |L`mab〉 ¨ K(γ)|L`mab〉 ²Õ¡µ° £¨¶¥·£ ·³µ´¨±¨ |L`mab〉 Ö¢²ÖÕÉ¸Ö ¸µ¡-
¸É¢¥´´Ò³¨ ËÊ´±Í¨Ö³¨ µ¶¥· Éµ·µ¢ P, l2, l3 ¨ L2, ´µ ´¥ Ö¢²ÖÕÉ¸Ö É ±µ¢Ò³¨
¤²Ö µ¶¥· Éµ·µ¢ l2x ¨ l2y. ˆ´ Î¥ £µ¢µ·Ö, ¶·¨ ±¨´¥³ É¨Î¥¸±µ³ ¶·¥µ¡· §µ¢ ´¨¨
£¨¶¥·£ ·³µ´¨± |L`mab〉 ± ± ´  ¡¥¸±µ´¥Î´µ ³ ²Ò°, É ± ¨ ´  ²Õ¡µ° ±µ´¥Î´Ò°
Ê£µ² γ ¸µÌ· ´ÖÕÉ¸Ö ±¢ ´Éµ¢Ò¥ Î¨¸²  L, `,m ¨ σ = (−1)L, ´µ ´¥ ¸µÌ· ´ÖÕÉ¸Ö
Î¨¸²  a ¨ b. ‡´ Î¨É ¢¥·´Ò ¶·¥¤¸É ¢²¥´¨Ö

〈L′`′m′a′b′|Q|L`mab〉 = δL′L δ`′` δm′m 〈a′b′|Q|ab〉L` , Q = J,K(γ) . (136)

�µ µ¶·¥¤¥²¥´¨Õ (30) µ¶¥· Éµ· J Å  ´É¨¸¨³³¥É·¨§µ¢ ´´µ¥ ¶µ ¶¥·¥¸É ´µ¢±¥
x ↔ y ¸± ²Ö·´µ¥ ¶·µ¨§¢¥¤¥´¨¥ É·¥Ì³¥·´ÒÌ ¢¥±Éµ·µ¢ x ¨ ∇y. Š ± ¨§-
¢¥¸É´µ [23], ¢ µ¡Ð¥³ ¸²ÊÎ ¥ µ¶¥· Éµ·Ò Ê³´µ¦¥´¨Ö ´  ¢¥±Éµ· q ¨ µ¶¥· Éµ·
£· ¤¨¥´É  ∇q µÉµ¡· ¦ ÕÉ ¸Ë¥·¨Î¥¸±ÊÕ ËÊ´±Í¨Õ Y`m(q̂) ¢ ²¨´¥°´ÊÕ ±µ³¡¨-
´ Í¨Õ ¤¢ÊÌ ¸Ë¥·¨Î¥¸±¨Ì ËÊ´±Í¨° Y`±1,m(q̂). ‘²¥¤µ¢ É¥²Ó´µ, ¢ µ¡Ð¥³ ¸²ÊÎ ¥
ËÊ´±Í¨Ö J |L`mab〉 Å ²¨´¥°´ Ö ±µ³¡¨´ Í¨Ö É¨¶ 

J |L`mab〉 =
∑

µ,ν=±1

〈a+ µ, b+ ν|J |mab 〉L` |L`m, a+ µ, b+ ν〉 . (137)

�µ¤¥°¸É¢Ê¥³ µ¶¥· Éµ·µ³ J ´  ÔÉÊ ±µ³¡¨´ Í¨Õ. �¡· §Ò J |L`m, a+ µ, b+ ν〉
¢Ò· §¨³ ¸Ê³³ ³¨ Éµ£µ ¦¥ É¨¶  (137). �µ¢Éµ·¨³ µ¶¨¸ ´´µ¥ ¶µ¸É·µ¥´¨¥ n− 2
· § . ’µ£¤  µ¡· § Jn|L`mab〉 ¶·¥¤¸É ¢¨É¸Ö ²¨´¥°´µ° ±µ³¡¨´ Í¨¥° £¨¶¥·£ ·-
³µ´¨± |L`m, a′, b′〉 ¸ ¨´¤¥±¸ ³¨ a′ ¨ b′, § ¤ ´´Ò³¨ Ëµ·³Ê² ³¨ a′ = a−n+2µ
¨ b′ = b − n + 2ν, £¤¥ µ ¨ ν ¶·¨´¨³ ÕÉ Éµ²Ó±µ É¥ Í¥²Ò¥ §´ Î¥´¨Ö µÉ 0 ¤µ
n, ¶·¨ ±µÉµ·ÒÌ |a′ − b′| ≤ ` ≤ a′ + b′. ‡´ Î¨É, ¤²Ö µ¶¥· Éµ·  Jn ¢¥·´Ò
¸²¥¤ÊÕÐ¨¥ ¶· ¢¨²  µÉ¡µ· :

〈a′b′|Jn|ab〉L` = 0 , n < max{ |a− a′|, |b − b′| } , (138)

  ¢¸¥ µ¸É ²Ó´Ò¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ, ¢µµ¡Ð¥ £µ¢µ·Ö, µÉ²¨Î´Ò µÉ ´Ê²Ö. ˆ¸-
¶µ²Ó§ÊÖ ÔÉ¨ ¶· ¢¨²  µÉ¡µ·  ¨ ÉµÉ Ë ±É, ÎÉµ ¶·¨ |γ| 6= 0, π/2 µ¶¥· Éµ·K(γ) Å
¡¥¸±µ´¥Î´Ò° ·Ö¤ (33) ¶µ Í¥²Ò³ ¸É¥¶¥´Ö³ µ¶¥· Éµ·  J , ¤µ± §Ò¢ ¥³, ÎÉµ ¢ µ¡-
Ð¥³ ¸²ÊÎ ¥

K(γ)|L`ma′b′〉 =
∑
ab

〈ab|K(γ)|a′b′〉L` |L`mab〉 , (139)

£¤¥ ¨´¤¥±¸Ò a ¨ b ¶·¨´¨³ ÕÉ ¢¸¥ ¢µ§³µ¦´Ò¥ ¶·¨ ¤ ´´ÒÌ L ¨ ` §´ Î¥´¨Ö.
�·¨³¥´ÖÖ Ëµ·³Ê²Ò (27) ¨ (74), ¶µ± §Ò¢ ¥³, ÎÉµ ¶·¨ γ = 0, π/2 ± ¦¤ Ö
¸É·µ±  ³ É·¨ÍÒ µ¶¥· Éµ·  K(γ) ¨³¥¥É Éµ²Ó±µ µ¤¨´ ´¥´Ê²¥¢µ° Ô²¥³¥´É:

〈ab|K(0)|a′b′〉L` = (−1)L δaa′ δbb′ , (140)
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〈ab|K(π/2)|a′b′〉L` = (−1)(L−2`+a′−b′)/2 δab′ δa′b . (141)

�µÔÉµ³Ê ¢ ¸²ÊÎ ÖÌ γ = 0, π/2 ¸Ê³³  (139) ¸µ¸Éµ¨É ¨§ µ¤´µ£µ ¸² £ ¥³µ£µ.
’¥¶¥·Ó µ¶¨Ï¥³ ±¨´¥³ É¨Î¥¸±µ¥ ¶·¥µ¡· §µ¢ ´¨¥ £¨¶¥·£ ·³µ´¨± ¢ ±µµ·-

¤¨´ É´µ³ ¶·¥¤¸É ¢²¥´¨¨ 〈r| = 〈r,Ω|. ‚ µ¡Ð¥³ ¸²ÊÎ ¥ ¸¢Ö§¨ (139) ³¥¦¤Ê
£¨¶¥·£ ·³µ´¨± ³¨ ¤µ ¨ ¶µ¸²¥ ±¨´¥³ É¨Î¥¸±µ£µ ¶·¥µ¡· §µ¢ ´¨Ö Ö¢²ÖÕÉ¸Ö Éµ-
¦¤¥¸É¢ ³¨ µÉ´µ¸¨É¥²Ó´µ ¶ÖÉ¨ ´¥§ ¢¨¸¨³ÒÌ ¶¥·¥³¥´´ÒÌ Ω = (θx, ϕx, θy, ϕy, ϕ)
¨ ¨´¤¥±¸µ¢ a′ ¨ b′:

〈Ω|K(γ)|L`ma′b′〉 = Y `mLa′b′(Ω
′(Ω; γ)) =

∑
ab

〈ab|K(γ)|a′b′〉L` Y `mLab(Ω) . (142)

�  ¶²µ¸±µ¸É¨ P (¸²ÊÎ ° (12)) ¢Ò¶µ²´ÖÕÉ¸Ö · ¢¥´¸É¢  (99), ¢ ¸¨²Ê ±µÉµ·ÒÌ £¨-
¶¥·£ ·³µ´¨±¨ ¨ ¨Ì ±¨´¥³ É¨Î¥¸±¨¥ µ¡· §Ò ¸É ´µ¢ÖÉ¸Ö ËÊ´±Í¨Ö³¨ ¤¢ÊÌ,   ´¥
¶ÖÉ¨ ¶¥·¥³¥´´ÒÌ. �µÔÉµ³Ê ´  ¶²µ¸±µ¸É¨ P ¸¢Ö§¨ (142) ¢Ò·µ¦¤ ÕÉ¸Ö ¢ ¤¢Ê-
³¥·´Ò¥ Éµ¦¤¥¸É¢  µÉ´µ¸¨É¥²Ó´µ ´¥§ ¢¨¸¨³ÒÌ ¶¥·¥³¥´´ÒÌ u ¨ ϕ, ¶ · ³¥É· 
γ ¨ ¨´¤¥±¸µ¢ a′ ¨ b′:∑

ab

(−signγ)m
√
b+ 1/2C`mamb0 Θam(u)WLab(ϕ) 〈ab|K(γ)|a′b′〉L` =

=
∑
α′

(signγ)α
′
C`ma′α′b′β Θa′α(uxy′)Θb′β(uxx′)WLa′b′(ϕ

′). (143)

�  ¶·Ö³µ° L3 (¸²ÊÎ ° (13)Ä(15)) ¢¥·´Ò · ¢¥´¸É¢  (100), ¸µ£² ¸´µ ±µÉµ·Ò³
£¨¶¥·£ ·³µ´¨±¨ ¨ ¨Ì ±¨´¥³ É¨Î¥¸±¨¥ µ¡· §Ò Éµ¦¤¥¸É¢¥´´µ · ¢´Ò ´Ê²Õ, ¥¸²¨
m 6= 0 ¨²¨ (−1)`+L 6= 1,   ¢ ¶·µÉ¨¢´µ³ ¸²ÊÎ ¥ ¢Ò·µ¦¤ ÕÉ¸Ö ¢ ËÊ´±Í¨¨ µ¤´µ°
¶¥·¥³¥´´µ°. �µÔÉµ³Ê ´  ¶·Ö³µ° L3 Éµ¦¤¥¸É¢  (142) ¨ (143) ¢Ò·µ¦¤ ÕÉ¸Ö ¢
É·¨¢¨ ²Ó´Ò¥ ¸µµÉ´µÏ¥´¨Ö 0 = 0, ¥¸²¨ m 6= 0 ¨²¨ (−1)`+L = −1,   ¢ ¸²ÊÎ ¥
m = (−1)`+L − 1 = 0 Å ¶·¨´¨³ ÕÉ ¢¨¤ µ¤´µ³¥·´ÒÌ Éµ¦¤¥¸É¢ ¶µ £¨¶¥·Ê£²Ê
ϕ, ¶ · ³¥É·Ê γ ¨ ¨´¤¥±¸ ³ a′ ¨ b′:∑

ab

B`abWLab(ϕ) 〈ab|K(γ)|a′b′〉L` = (−1)LB`a′b′WLa′b′(ϕ− γ) , (144)

£¤¥ ±µÔËË¨Í¨¥´ÉÒ Bcab § ¤ ´Ò · ¢¥´¸É¢ ³¨ (97).
ƒ¨¶¥·· ¤¨Ê¸ ´¥ ¨§³¥´Ö¥É¸Ö ¶·¨ ±¨´¥³ É¨Î¥¸±µ³ ¶·¥µ¡· §µ¢ ´¨¨ ±µµ·-

¤¨´ É. �µÔÉµ³Ê Ëµ·³Ê²Ò ±¨´¥³ É¨Î¥¸±µ£µ ¶·¥µ¡· §µ¢ ´¨Ö (26) £¨¶¥·¸Ë¥·¨-
Î¥¸±µ£µ ·Ö¤  (65) ¶·µ¨§¢µ²Ó´µ° ËÊ´±Í¨¨ Ψ ³µ¦´µ ¢Ò¢¥¸É¨, ¶·¨³¥´¨¢ ¶· -
¢¨²µ (142) ± ± ¦¤µ° £¨¶¥·£ ·³µ´¨±¥ É ±µ£µ ·Ö¤ . ‘²¥¤µ¢ É¥²Ó´µ,

〈r|K(γ)|Ψ(r)〉 =
∑
`m

∑
La′b′

Ψ`m
La′b′(r)Y

`m
La′b′(Ω

′) = (145)

=
∑
`m

∑
Lab

Y `mLab(Ω)
∑
a′b′

〈ab|K(γ)|a′b′〉L` Ψ`m
La′b′(r) .
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’ ± ± ± ÔÉ  Í¥¶µÎ±  · ¢¥´¸É¢ ¸¶· ¢¥¤²¨¢  ¤²Ö ²Õ¡µ° ËÊ´±Í¨¨ ±² ¸¸  L2(S5
xy),

  £¨¶¥·£ ·³µ´¨±¨ µ¡· §ÊÕÉ µ·Éµ´µ·³¨·µ¢ ´´Ò° ¡ §¨¸ ¢ ÔÉµ³ ±² ¸¸¥, Éµ ¸¶· -
¢¥¤²¨¢µ ¸¶¥±É· ²Ó´µ¥ ¶·¥¤¸É ¢²¥´¨¥

K(γ) =
∑
`m

∑
aba′b′

∑
L

|L`mab〉 〈ab|K(γ)|a′b′〉L` 〈L`ma′b′| , (146)

¢ ±µÉµ·µ³ ¤¥°¸É¢¨¥ ¡· - ¨ ±¥É-µ¶¥· Éµ·µ¢ µ¶·¥¤¥²¥´µ · ¢¥´¸É¢ ³¨ (62)Ä(65).
ˆ¸¶µ²Ó§µ¢ ¢ µ¶·¥¤¥²¥´¨¥ (54) ÔÉ¨Ì µ¶¥· Éµ·µ¢ ± ± ¶·µ¨§¢¥¤¥´¨° µ¶¥· Éµ·µ¢
|`mab〉 ¨ |Lab〉, ¢Ò¤¥²¨³ ¢ ¸Ê³³¥ (146) ¶µ¤¸Ê³³Ê K`

aba′b′(γ) ¶µ ¨´¤¥±¸Ê L.
’µ£¤  ¶µ²ÊÎ¨³

K(γ) =
∑
`m

∑
ab

|`mab〉
∑
a′b′

K`
aba′b′(γ) 〈`ma′b′| , (147)

K`
aba′b′(γ) ≡

∑
L

|Lab〉 〈ab|K(γ)|a′b′〉L` 〈La′b′|. (148)

‚ ¸¨²Ê · ¢¥´¸É¢ (128) ¨ (145) ²Õ¡µ° ¨§ µ¶¥· Éµ·µ¢ K`
aba′b′(γ) ¤¥°¸É¢Ê¥É

´  ¡¨¸Ë¥·¨Î¥¸±ÊÕ ±µ³¶µ´¥´ÉÊ Ψ`m
a′b′(r, ϕ) ÉµÎ´µ É ± ¦¥, ± ± ¨´É¥£· ²Ó´Ò°

µ¶¥· Éµ· (126) ¸ Ö¤·µ³ (121):

〈r|K`
aba′b′ |Ψ`m

a′b′(r, ϕ)〉 =

∫ C+(ϕ;γ)

C−(ϕ;γ)

dϕ′K`
aba′b′(ϕ,ϕ

′; γ)Ψ`m
a′b′(r, ϕ

′) . (149)

„²Ö ¶µ²´µÉÒ µ¶¨¸ ´¨Ö ±¨´¥³ É¨Î¥¸±µ£µ ¶·¥µ¡· §µ¢ ´¨Ö £¨¶¥·¸Ë¥·¨Î¥-
¸±¨Ì ·Ö¤µ¢ µ¸É ¥É¸Ö ¶¥·¥Î¨¸²¨ÉÓ ¸¢µ°¸É¢  ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ µ¶¥· Éµ·µ¢
J ¨ K ¨ ¸¶µ¸µ¡Ò ¨Ì ¢ÒÎ¨¸²¥´¨Ö.

Œ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ µ¶¥· Éµ·  J . � ¸¸³µÉ·¨³ ¨´É¥£· ² (136) ¢ ¸²Ê-
Î ¥ Q = J . ˆ¸¶µ²Ó§ÊÖ ¸µµÉ´µÏ¥´¨¥ (46), § ³¥´¨³ µ¶¥· Éµ· J ¶·µ¨§¢¥¤¥-
´¨¥³ D−1JpD. „ ²¥¥ ¶·¨³¥´¨³ ¶· ¢¨²µ (77) ¨ ¸¤¥² ¥³ § ³¥´Ê ¶¥·¥³¥´´ÒÌ
x̂, ŷ → ω, u. ‚ ¸¨²Ê · ¢¥´¸É¢ (99) ¢ ¶µ²ÊÎ¨¢Ï¥³¸Ö ¶µ¤Ò´É¥£· ²Ó´µ³ ¢Ò· ¦¥-
´¨¨ µÉ ´ ¡µ·  Ê£²µ¢ ω § ¢¨¸ÖÉ Éµ²Ó±µ D-ËÊ´±Í¨¨. �·µ¨´É¥£·¨·µ¢ ¢ ¶µ ÔÉ¨³
Ê£² ³, ¸¢¥¤¥³ ¨¸¸²¥¤Ê¥³Ò° ¨´É¥£· ² ± ¤¢ÊÌ±· É´µ³Ê ¨´É¥£· ²Ê:

〈ab|J |a′b′〉L` = (2`+ 1)−1((2b+ 1)(2b′ + 1))1/2NLabNLa′b′ ×

×
∑̀
m=−`

C`mamb0 C
`m
a′mb′0

∫ π/2

0

dϕρ2(ϕ)WLab(ϕ)×

×
∫ 1

−1

duΘam(u)Jp(ϕ, u) (Θa′m(u)WLa′b′(ϕ)). (150)

—Éµ¡Ò ¢ÒÎ¨¸²¨ÉÓ ¥£µ, ¶·¥µ¡· §Ê¥³ ¶µ¤Ò´É¥£· ²Ó´Ò¥ ËÊ´±Í¨¨

JpΘcδ(u)WLab(ϕ) = i (1− u2)∂uΘcδ(u) 2ctg 2ϕWLab(ϕ) + iuΘcδ(u) ∂ϕWLab .
(151)
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‘´ Î ²  ¶¥·¥¶¨Ï¥³ ¨§¢¥¸É´Ò¥ ¸µµÉ´µÏ¥´¨Ö [23] ¢ ±µ³¶ ±É´µ³ ¢¨¤¥:

(1− u2)∂uΘcδ(u) =
∑
τ=±1

(c+ 1)(2)τCcδτ Θc+τ,δ(u) , (152)

uΘcδ(u) =
∑
τ=±1

Ccδτ Θc+τ,δ(u), C
cδ
τ ≡

(
(c+ 1/2 + τ/2)2 − δ2
4(c+ 1/2 + τ/2)2 − 1

)1/2

.

’¥¶¥·Ó ¤µ± ¦¥³ ¸¥·¨Õ Éµ¦¤¥¸É¢ ¤²Ö ËÊ´±Í¨° WLab. �¶¥· Éµ·Ò 2ctg2ϕ ¨
∂ϕ, ¸µ¤¥·¦ Ð¨¥¸Ö ¢ ¨¸¸²¥¤Ê¥³µ³ ¸µµÉ´µÏ¥´¨¨ (151), ¢Ò· §¨³ Î¥·¥§ ¡µ²¥¥
Ê¤µ¡´Ò¥ µ¶¥· Éµ·Ò. ˆ¸¶µ²Ó§µ¢ ¢ ¨§¢¥¸É´Ò¥ [6] Ëµ·³Ê²Ê ¤¨ËË¥·¥´Í¨·µ¢ ´¨Ö

¨ ¸µµÉ´µÏ¥´¨Ö ¤²Ö ¶µ²¨´µ³µ¢ Ÿ±µ¡¨ P (a+1/2,b+1/2)
n ¸ ¢¥·Ì´¨³¨ ¨´¤¥±¸ ³¨,

µÉ²¨Î ÕÐ¨³¨¸Ö ´  ±1, Ê¡¥¤¨³¸Ö ¢ Éµ³, ÎÉµ µ¶¥· Éµ·Ò

W ab
++ ≡ ∂ϕ − a ctgϕ+ b tgϕ, W ab

−+ ≡ ∂ϕ + (a+ 1) ctgϕ+ b tgϕ , (153)

W ab
+− ≡ ∂ϕ − a ctgϕ− (b + 1)tgϕ, W ab

−− ≡ ∂ϕ + (a+ 1) ctgϕ− (b + 1) tgϕ

¨§³¥´ÖÕÉ ¨´¤¥±¸Ò a ¨ b ËÊ´±Í¨¨ WLab ´  ¥¤¨´¨ÍÊ, ´µ ¸µÌ· ´ÖÕÉ ¨´¤¥±¸ L:

W ab
µνWLab(ϕ) = 〈a+ µ, b+ ν|W ab

µν |ab〉LWL,a+µ,b+ν(ϕ), µ, ν = ±1; (154)

〈a+ 1, b+ 1|W ab
++|ab〉L = −2 (n(n+ a+ b+ 2))

1/2
,

〈a− 1, b+ 1|W ab
−+|ab〉L = ( (2n+ 2a+ 1)(2n+ 2b+ 3))

1/2
,

〈a+ 1, b− 1|W ab
+−|ab〉L = − ( (2n+ 2b+ 1)(2n+ 2a+ 3))

1/2
,

〈a− 1, b− 1|W ab
−−|ab〉L = 2 ( (n+ 1)(n+ a+ b+ 1))

1/2
.

’ ± ± ± Î¥ÉÒ·¥ µ¶¥· Éµ·  W ab
±1,±1 ²¨´¥°´µ § ¢¨¸¨³Ò,∑

ν=±1

(
W ab
νν −W ab

ν,−ν
)

= 0 , (155)

Éµ µ¶¥· Éµ·Ò 2 ctg 2ϕ ¨ ∂ϕ ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ ²¨´¥°´ÒÌ ±µ³¡¨´ Í¨°
Î¥ÉÒ·¥Ì ¨²¨ É·¥Ì É ±¨Ì µ¶¥· Éµ·µ¢. � ¶·¨³¥·,

∂ϕ = W ab
++ − b(2b+ 1)−1W ab

−+ − a(2a+ 1)−1W ab
+− + (156)

+

(
1− a+ b+ 1

(2a+ 1)(2b+ 1)

)
W ab
−− =

=
a+ b+ 1

(2a+ 1)(2b+ 1)
W ab

++ + b(2b+ 1)−1W ab
−+ + a(2a+ 1)−1W ab

+− ,

2 ctg2ϕ = −(2a+ 1)−1W ab
++ + (2b+ 1)−1W ab

−− + (157)

+
2(b− a)

(2a+ 1)(2b+ 1)

(
W ab
−+ −W ab

+−
)

=

= (2a+ 1)−1(W ab
−+ −W ab

++ ) + (2b+ 1)−1(W ab
+− −W ab

++ ) .
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ˆ¸¶µ²Ó§ÊÖ · ¢¥´¸É¢  (153)Ä(155), ¢Ò¢µ¤¨³ ¨§ ¸µµÉ´µÏ¥´¨Ö (156) ¤¢¥ Ô±¢¨¢ -
²¥´É´Ò¥ Ëµ·³Ê²Ò ¤¨ËË¥·¥´Í¨·µ¢ ´¨Ö ËÊ´±Í¨° WLab:

∂ϕWLab(ϕ) = 2
[
1− a+ b + 1

(2a+ 1)(2b+ 1)

]
× (158)

× [(n+ 1)(n+ a+ b+ 1)]1/2WL,a−1,b−1(ϕ)−

− b

b+ 1

[
(2n+ 2a+ 1)(2n+ 2b+ 3)

]1/2
WL,a−1,b+1(ϕ) +

+
a

a+ 1

[
(2n+ 2b+ 1)(2n+ 2a+ 3)

]1/2
WL,a+1,b−1(ϕ)−

− 2[n(n+ a+ b+ 2)]1/2WL,a+1,b+1(ϕ) ,

∂ϕWLab(ϕ) =
a

2a+ 1

[
(2n+ 2a+ 1)(2n+ 2b+ 3)

]1/2
WL,a−1,b+1(ϕ)−

− a

2b+ 1

[
(2n+ 2b+ 1)(2n+ 2a+ 3)

]1/2
WL,a+1,b−1(ϕ) −

− 2
a+ b+ 1

(2a+ 1)(2b+ 1)

[
n(n+ a+ b+ 2)

]1/2
WL,a+1,b+1(ϕ). (159)

ˆ§-§  Ê± § ´´µ° Ô±¢¨¢ ²¥´É´µ¸É¨ ËÊ´±Í¨¨ WL,a±1,b±1 ²¨´¥°´µ § ¢¨¸¨³Ò.
ˆ¸¶µ²Ó§µ¢ ¢ · §²µ¦¥´¨Ö (152), (156) ¨ (157), ¸¢¥¤¥³ · ¢¥´¸É¢µ (151) ±

¸Ê³³¥

Jp(ϕ, u)ΘcδWLab(ϕ) = i
∑

τ,µ,ν=±1

Caδτ D
abδ
τµν×

×〈a+ µ, b+ ν|W ab
µν |ab〉L Θa+τ,δ(u)WL,a+µ,b+ν(ϕ), (160)

Dabδ
τ1,−1 ≡ (2(2a)τ (a+ 1)(b− a)− b(2a+ 1))/(2a+ 1)(2b+ 1),

Dabδ
τ−1,1 ≡ Dbaδ

τ1,−1 , D
abδ
τ11 ≡ 1− (2a)τ (a+ 1)/(2a+ 1),

Dabδ
τ,−1,−1 ≡ (1 + 3a+ 3b+ 8ab)/(2a+ 1)(2b+ 1)−Dabδ

τ11, (161)

µ§´ Î ÕÐ¥°, ÎÉµ µ¶¥· Éµ· J µÉµ¡· ¦ ¥É ËÊ´±Í¨¨ É¨¶  Θcδ(u)WLab(ϕ) ¢
±µ´¥Î´Ò¥ ²¨´¥°´Ò¥ ±µ³¡¨´ Í¨¨ Î¥ÉÒ·¥Ì ËÊ´±Í¨° Éµ£µ ¦¥ É¨¶ . „²Ö ¢ÒÎ¨-
¸²¥´¨Ö ¨´É¥£· ²µ¢ (150) ¨¸¶µ²Ó§Ê¥³ ÔÉµÉ Ë ±É ¨ ¨§¢¥¸É´Ò¥ ¸¢Ö§¨ [23] ³¥¦¤Ê
±µÔËË¨Í¨¥´É ³¨ Š²¥¡Ï Åƒµ·¤µ´  ¸ ¨´¤¥±¸ ³¨ ³µ³¥´Éµ¢, µÉ²¨Î ÕÐ¨³¨¸Ö
´  ±1. ‚ ¨Éµ£¥ ¤µ± §Ò¢ ¥³ ¶· ¢¨²  µÉ¡µ·  (138) ¤²Ö µ¶¥· Éµ·  J ¨ ´ Ìµ-
¤¨³ ¢ Ö¢´µ³ ¢¨¤¥ ¢¸¥ ¥£µ ´¥´Ê²¥¢Ò¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ. „²Ö ¨Ì ¶µ²´µ£µ
µ¶¨¸ ´¨Ö ¶·¨¢¥¤¥³ Ëµ·³Ê²Ò

〈 a+ 1, b+ 1|J |ab 〉L` = i (n(n+ a+ b+ 2) )1/2 × (162)
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×
{

(`+ a+ b+ 2)(`+ a+ b + 3)(`− a− b− 1)(`− a− b− 2)

(2a+ 1)(2a+ 3)(2b+ 1)(2b+ 3)

}1/2

,

〈a− 1, b+ 1|J |ab〉L` = (i/2) ( (2n+ 2a+ 1)(2n+ 2b+ 1) )
1/2 ×

×
{

(`+ a− b+ 1)(`+ b− a+ 2)(`+ a− b− 1)(`+ a− b)
(2a− 1)(2a+ 1)(2b+ 1)(2b+ 3)

}1/2

,

¢ ±µÉµ·ÒÌ n = (L − a− b)/2, ¶¥·¥Î¨¸²¨³ ¸¢µ°¸É¢  ¸¨³³¥É·¨¨:

〈a′b′|J |ab〉L` = −〈ab|J |a′b′〉L` , (163)

〈a+ 1, b− 1|J |ab〉L` = −〈a− 1, b+ 1|J |ab〉L` ,
〈a+ µ, b+ ν|J |ab〉L` = (−1)µ+ν+1 〈b+ ν, a+ µ|J |ba〉L`

¨ ¤µ¶µ²´¨É¥²Ó´Ò¥ ¶· ¢¨²  µÉ¡µ· :

〈a+ ν, a− ν|J |aa 〉L` = 0 , ν = ±1 ` = 0, 1 . (164)

ŠµÔËË¨Í¨¥´ÉÒ 〈ab|Jn|a′b′〉L` ¸ n > 1 ³µ¦´µ ¢Ò· §¨ÉÓ Î¥·¥§ ¸Ê³³Ò ³ -
É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ µ¶¥· Éµ·  J , ¨¸¶µ²Ó§µ¢ ¢ Éµ¦¤¥¸É¢µ Jn ≡ JIJ...JIJ ¨
· ¢¥´¸É¢  (135), (162) ¨ (163). � ¶·¨³¥·, ¶·¨ n = 2 ¨³¥¥³

〈ab|J2|a′b′〉L` =
∑

µ,ν=±1

〈ab|J |a′ + µ, b′ + ν〉L` 〈a′ + µ, b′ + ν|J |a′b′〉L` .

Œ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ µ¶¥· Éµ·  K . � Î´¥³ ¸  ´ ²¨§  £²µ¡ ²Ó´ÒÌ
¸¢µ°¸É¢ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ µ¶¥· Éµ·  (γ). ‡ ¶¨¸Ò¢ Ö Éµ¦¤¥¸É¢  (47) ¨
(51) ¢ ¡ §¨¸¥ £¨¶¥·£ ·³µ´¨± ¨ ÊÎ¨ÉÒ¢ Ö ¸¢µ°¸É¢  (74) µ¶¥· Éµ·µ¢ (25), ¤µ± -
§Ò¢ ¥³ ¸µµÉ´µÏ¥´¨Ö ¸¨³³¥É·¨¨

〈ab|K(γ)|a′b′〉L` = 〈a′b′|K(−γ)|ab〉L` = (165)

= (−1)(a−b+a
′−b′)/2〈ba|K(γ)|b′a′〉L` =

= (−1)a+a
′〈ab|K(−γ)|a′b′〉L` = (−1)b+b

′〈ab|K(−γ)|a′b′〉L` =

= (−1)`+b
′+(L+a+b)/2〈ba|K(π/2− γ)|a′b′〉L` =

= (−1)`+a+(L+a′+b′)/2〈ab|K(π/2− γ)|b′a′〉L` .

�É¨ · ¢¥´¸É¢  µ§´ Î ÕÉ, ÎÉµ ¢¸¥ ËÊ´±Í¨¨ 〈ab|K(γ)|a′b′〉L` Ö¢²ÖÕÉ¸Ö Î¥É´Ò³¨
¨²¨ ´¥Î¥É´Ò³¨ µÉ´µ¸¨É¥²Ó´µ ÉµÎ±¨ γ = 0 ´  ¨´É¥·¢ ²¥ (−π/2, π/2),   ¢
Î ¸É´ÒÌ ¸²ÊÎ ÖÌ a = b ¨ (¨²¨) a′ = b′ É ±¨¥ ËÊ´±Í¨¨ µ¡² ¤ ÕÉ µ¶·¥¤¥²¥´´µ°
Î¥É´µ¸ÉÓÕ µÉ´µ¸¨É¥²Ó´µ ÉµÎ±¨ γ = π/4 ´  ¨´É¥·¢ ²¥ (0, π/2).

‡ ¶¨Ï¥³ µ¶¥· Éµ·´Ò¥ · ¢¥´¸É¢  (28), (47) ¨ (48) ¢ ¡ §¨¸¥ £¨¶¥·£ ·³µ-
´¨±. �µ¤¸É ¢²ÖÖ ³¥¦¤Ê ¢¸¥³¨ µ¶¥· Éµ·´Ò³¨ ¸µ³´µ¦¨É¥²Ö³¨ ¥¤¨´¨Î´Ò° µ¶¥-
· Éµ· (135) ¨ ÊÎ¨ÉÒ¢ Ö ¶· ¢¨²µ (137), ¢Ò¢µ¤¨³ ¤²Ö ËÊ´±Í¨° 〈ab|K(γ)|a′b′〉L`
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¸µµÉ´µÏ¥´¨¥ Ê´¨É ·´µ¸É¨ ¨ Ëµ·³Ê²Ò ¸²µ¦¥´¨Ö ¨ ¤¨ËË¥·¥´Í¨·µ¢ ´¨Ö:∑
ab

〈a′b′|K(γ)|ab〉L` 〈ab|K(−γ)|a′′b′′〉L` = δa′a′′ δb′b′′ , (166)

〈a′b′|K(γ1 + γ2)|a′′b′′〉L` = (−1)L
∑
ab

〈a′b′|K(γ1)|ab〉L` 〈ab|K(γ2)|a′′b′′〉L` ,

(167)
i ∂γ〈ab|K(γ)|a′b′〉L` =

=
∑

µ,ν=±1

〈ab|J |a+ µ, b+ ν〉L` 〈a+ µ, b+ ν|K(γ)|a′b′〉L` . (168)

ˆ¸¶µ²Ó§ÊÖ Ëµ·³Ê²Ê ¤¨ËË¥·¥´Í¨·µ¢ ´¨Ö (168) ¨ £· ´¨Î´Ò¥ §´ Î¥´¨Ö (140) ¨
(141), ¤µ± §Ò¢ ¥³ ¶µ²¥§´µ¥ ¨´É¥£· ²Ó´µ¥ ¸µµÉ´µÏ¥´¨¥:

i
∑

µ,ν=±1

〈ab|J |a+ µ, b+ ν〉L`
∫ π/2

0

dγ 〈a+ µ, b+ ν|K(γ)|a′b′〉L` = (169)

= (−1)L δaa′δbb′ − (−1)(L−2`+a′−b′)/2 δab′δa′b .

�É³¥É¨³, ÎÉµ Ëµ·³Ê²Ò (165)Ä(169) ¢¥·´Ò ¢ µ¡µ¨Ì ¸²ÊÎ ÖÌ (−1)`+L = ±1.
‚ ¸²ÊÎ ¥ (−1)`+L = 1 ±µÔËË¨Í¨¥´ÉÒ (97) ´¥ µ¡· Ð ÕÉ¸Ö ¢ ´Ê²Ó ¨ Éµ¦¤¥-

¸É¢  (144) Ö¢²ÖÕÉ¸Ö ´¥É·¨¢¨ ²Ó´Ò³¨. ‚Ò¢¥¤¥³ ¨§ ÔÉ¨Ì Éµ¦¤¥¸É¢ ¸¥·¨Õ ¤µ-
¶µ²´¨É¥²Ó´ÒÌ ¸µµÉ´µÏ¥´¨° ¤²Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ µ¶¥· Éµ·  K(γ). �µ
µ¶·¥¤¥²¥´¨Õ (55) ¢ ÉµÎ± Ì ϕ = 0, π/2 ¢¸¥ ËÊ´±Í¨¨ WLab(ϕ) ¸ µÉ²¨Î´Ò³
µÉ ´Ê²Ö ¨´¤¥±¸µ³ a ¨²¨, ¸µµÉ¢¥É¸É¢¥´´µ, b µ¡· Ð ÕÉ¸Ö ¢ ´Ê²Ó. �µÔÉµ³Ê ¢
¶·¥¤¥² Ì ϕ → 0, π/2 Éµ¦¤¥¸É¢  (144) ¶·¥¢· Ð ÕÉ¸Ö ¢ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¨
¸¶· ¢¥¤²¨¢Ò¥ ¶·¨ ²Õ¡ÒÌ a′ ¨ b′ · ¢¥´¸É¢ :

〈0`|K(γ)|a′b′〉L` = (−1)LB`a′b′WLa′b′(γ)/
(
(2`+ 1)1/2WL0`(0)

)
, (170)

〈`0|K(γ)|a′b′〉L` = (−1)LB`a′b′WLa′b′(γ)/
(
(2`+ 1)1/2WL`0(π/2)

)
. (171)

‚ ¸¨²Ê · ¢¥´¸É¢ (156) ¶·µ¨§¢µ¤´ Ö ∂ϕWLab(ϕ) µÉ²¨Î´  µÉ ´Ê²Ö ¶·¨ ϕ = 0
Éµ²Ó±µ ¢ ¸²ÊÎ ¥ a = 1. �µÔÉµ³Ê, ¶·µ¤¨ËË¥·¥´Í¨·µ¢ ¢ Éµ¦¤¥¸É¢µ (144) ¶µ
¶¥·¥³¥´´µ° ϕ ¨ ¶µ²µ¦¨¢ § É¥³ ϕ = 0, ¶µ²ÊÎ¨³ · ¢¥´¸É¢µ∑

b

B`1b∂ϕWL1b(0) 〈 1b|K(γ)|a′b′ 〉L` = (−1)L+1B`a′b′ ∂γWLa′b′(γ) , (172)

¢ ±µÉµ·µ³ ¸Ê³³  ¢ÒÎ¨¸²Ö¥É¸Ö ¶µ ¢¸¥³ §´ Î¥´¨Ö³ ¨´¤¥±¸  b, ¤µ¶Ê¸É¨³Ò³ ¶·¨
a = 1. �´ ²µ£¨Î´Ò³ ¸¶µ¸µ¡µ³ ¢Ò¢µ¤¨³ Éµ¦¤¥¸É¢µ∑
a=0,2

∑
b

B`ab ∂
2
ϕWLab(0) 〈ab|K(γ)|a′b′ 〉L`(γ) = (−1)LB`a′b′ ∂

2
γWLa′b′(γ) ,

(173)
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¢ ±µÉµ·µ³ ¨´¤¥±¸ b ¶·µ¡¥£ ¥É ¢¸¥ ¤µ¶Ê¸É¨³Ò¥ ¶·¨ a = 0 ¨ a = 2 §´ Î¥´¨Ö.
„ ²¥¥ ¶µ ¨´¤Ê±Í¨¨ ¤µ± §Ò¢ ¥³, ÎÉµ ¢ · ¸¸³µÉ·¥´´µ³ ¸²ÊÎ ¥ (−1)L+` = 1
¢¥·´  ¸¥·¨Ö Éµ¦¤¥¸É¢

[n/2]∑
k=0

∑
b

B`n−2k,b ∂
n
ϕWL,n−2k,b(0) 〈n− 2k, b|K(γ)|a′b′ 〉L` = (174)

= (−1)L+nB`a′b′ ∂
n
γWLa′b′(γ) , n = 0, 1, ...,

£¤¥ ¨´¤¥±¸ b ¶·µ¡¥£ ¥É ¢¸¥ §´ Î¥´¨Ö, ¤µ¶Ê¸É¨³Ò¥ ¶·¨ ¤ ´´µ³ ¨´¤¥±¸¥ a =
= n− 2k,   ¸¨³¢µ²µ³ [n] µ¡µ§´ Î¥´  Í¥² Ö Î ¸ÉÓ Î¨¸²  n.

�·µ¤µ²¦¨³ µ¶¨¸ ´¨¥ £²µ¡ ²Ó´ÒÌ ¸¢µ°¸É¢ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ µ¶¥· -
Éµ·  K(γ)  ´ ²¨§µ³ ¨Ì ¨§¢¥¸É´ÒÌ ¶·¥¤¸É ¢²¥´¨°, ¸¶· ¢¥¤²¨¢ÒÌ ¢ µ¡µ¨Ì ¸²Ê-
Î ÖÌ (−1)L+` = ±1. ‘µ£² ¸´µ Ëµ·³Ê² ³ (139) ¨ (142) É ±¨¥ ³ É·¨Î´Ò¥
Ô²¥³¥´ÉÒ µ¶¨¸Ò¢ ÕÉ ¸¢Ö§Ó ³¥¦¤Ê £¨¶¥·£ ·³µ´¨± ³¨,  ·£Ê³¥´ÉÒ ±µÉµ·ÒÌ ¸¢Ö-
§ ´Ò ±¨´¥³ É¨Î¥¸±¨³ ¶·¥µ¡· §µ¢ ´¨¥³. ŠµÔËË¨Í¨¥´ÉÒ É ±µ£µ ¢¨¤  ¶·¨´ÖÉµ
´ §Ò¢ ÉÓ ±µÔËË¨Í¨¥´É ³¨ �¥°´ ² Å�¥¢ ¨. Œ¥¦¤Ê ´ Ï¨³¨ µ¡µ§´ Î¥´¨Ö³¨
¤²Ö É ±¨Ì ±µÔËË¨Í¨¥´Éµ¢ ¨ µ¡µ§´ Î¥´¨Ö³¨, ¨¸¶µ²Ó§µ¢ ´´Ò³¨ ¢ ±´¨£¥ [25] ¨
· ¡µÉ¥ [78], ¨³¥eÉ¸Ö ¶·µ¸Éµ¥ ¸µµÉ¢¥É¸É¢¨¥:

〈ab|K(γ)|a′b′〉L` = i〈ba|b′a′〉kL` = (−1)a+a
′
〈ba|b′a′〉γL` , γ = γki . (175)

ˆ¸¶µ²Ó§µ¢ ¢ ÔÉ¨ ¸¢Ö§¨, ¶¥·¥¶¨Ï¥³ Ö¢´Ò¥ ¢Ò· ¦¥´¨Ö ±µÔËË¨Í¨¥´Éµ¢
�¥°´ ² Å�¥¢ ¨, ¶µ²ÊÎ¥´´Ò¥ ¢ · ¡µÉ¥ [78], ¢ ¢¨¤¥ £·µ³µ§¤±¨Ì ¸Ê³³:

〈ab|K(γ)|a′b′〉L`(γ) =
π

4
(CnabC

n′

a′b′)
−1/2×

×
∑
cdef

(−1)c+die+f+b−b′Ba
′

ceB
b′

df B
a
cf B

b
ed

 c e a
f d b
a′ b′ `

×
×
∑
gh

(−1)g Cgdf C
h
cd (cos γ)2h+c+d (sin γ)2g+e+f , (176)

£¤¥ ±µÔËË¨Í¨¥´ÉÒ Bcab ¨ Ccab § ¤ ´Ò Ëµ·³Ê² ³¨ (97) ¨ · ¢¥´¸É¢ ³¨

Ccab ≡
Γ(2c+ a+ b+ 2)

Γ(c+ 1)Γ(a+ b+ c+ 2)Γ(c+ a+ 3/2)Γ(c+ b+ 3/2)
.

’¥¶¥·Ó, · §¢¨¢ Ö ¨¤¥Õ · ¡µÉÒ [72], · ¸¸³µÉ·¨³ ¸µµÉ´µÏ¥´¨Ö (168) ± ±
¸¨¸É¥³Ê Ê· ¢´¥´¨° ¤²Ö ´¥¨§¢¥¸É´ÒÌ ËÊ´±Í¨° 〈ab|K(γ)|a′b′〉L` ¸ Ë¨±¸¨·µ¢ ´-
´Ò³¨ ¨´¤¥±¸ ³¨ L, `, a′ ¨ b′ ¨ ¢¸¥³¨ ¢µ§³µ¦´Ò³¨ §´ Î¥´¨Ö³¨ a ¨ b. ‘¨³¢µ-
²µ³ N µ¡µ§´ Î¨³ Î¨¸²µ É ±¨Ì ¶ · ¨´¤¥±¸µ¢ a ¨ b. � ¸¸³ É·¨¢ ¥³ÊÕ ¸¨¸É¥³Ê
¤µ¶µ²´¨³ £· ´¨Î´Ò³¨ Ê¸²µ¢¨Ö³¨ (140). ˆ¸¸²¥¤Ê¥³ ¶µ²ÊÎ¨¢ÏÊÕ¸Ö ±· ¥¢ÊÕ
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§ ¤ ÎÊ ¨§¢¥¸É´Ò³ ¢ É¥µ·¨¨ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° [8] ¸¶µ¸µ¡µ³ ·¥-
Ï¥´¨Ö ¸¨¸É¥³ µ¡Ò±´µ¢¥´´ÒÌ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ¸ ¶µ¸ÉµÖ´´Ò³¨
±µÔËË¨Í¨¥´É ³¨. ˆ´¤¥±¸µ³ i = 1, ..., N ¶·µ´Ê³¥·Ê¥³ ¢¸¥ ¢µ§³µ¦´Ò¥ ¶ ·Ò
¨´¤¥±¸µ¢ a ¨ b. �·¥¤¶µ²µ¦¨³, ÎÉµ ¸¶¥±É· ²Ó´ Ö § ¤ Î ∑

µ,ν=±1

〈ab|J |a+ µ, b+ ν〉L` Xa+µ,b+ν = −λXab, ∀a, b, (177)

¨³¥¥É N · §²¨Î´ÒÌ ¸µ¡¸É¢¥´´ÒÌ §´ Î¥´¨° λ = λj ¨ µÉ¢¥Î ÕÐ¨Ì ¨³ ¸µ¡-
¸É¢¥´´ÒÌ ·¥Ï¥´¨° Xab = Xj

ab, j = 1, ..., N . ’µ£¤  ¨¸Ìµ¤´µ° § ¤ Î¥ (140),
(168) Ê¤µ¢²¥É¢µ·ÖÕÉ ¸Ê³³Ò

〈ab|K(γ)|a′b′〉L` =

N∑
j=1

Cj X
j
ab exp(iλjγ) (178)

¸ ±µÔËË¨Í¨¥´É ³¨ Cj , ¶µ¤Î¨´¥´´Ò³¨ ¸¨¸É¥³¥ ²¨´¥°´ÒÌ Ê· ¢´¥´¨°:

N∑
j=1

Cj X
j
ab = (−1)L δaa′ δbb′ , (179)

µ¡¥¸¶¥Î¨¢ ÕÐ¥° ¢Ò¶µ²´¥´¨¥ £· ´¨Î´ÒÌ Ê¸²µ¢¨° (140).
„µ± ¦¥³, ÎÉµ ¢¸¥ ¸µ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö § ¤ Î¨ (177) ´¥ ¢Ò·µ¦¤¥´Ò.

�·¥¤¶µ²µ¦¨³ ¶·µÉ¨¢´µ¥: ¶Ê¸ÉÓ ÌµÉÖ ¡Ò µ¤´µ ¨§ ´¨Ì,   ¨³¥´´µ λ1, ¨³¥¥É
±· É´µ¸ÉÓ s+ 1 > 1. Š ± ¨§¢¥¸É´µ [8], É ±µ³Ê §´ Î¥´¨Õ µÉ¢¥Î ¥É ËÊ´¤ ³¥´-
É ²Ó´µ¥ ·¥Ï¥´¨¥ ¸¨¸É¥³Ò Ê· ¢´¥´¨° (168):

Zab(γ) = X1
ab Ps(γ) exp(iλ1γ),

£¤¥ Ps Å ¶µ²¨´µ³ ¸É¥¶¥´¨ s ¶¥·¥³¥´´µ° γ. ‘²¥¤µ¢ É¥²Ó´µ, µ¡Ð¥¥ ·¥Ï¥´¨¥
ÔÉµ° ¸¨¸É¥³Ò § ¶¨Ï¥É¸Ö ¢ ¢¨¤¥ ¸Ê³³Ò, ¸µ¤¥·¦ Ð¥° ÔÉµÉ ¦¥ ¶µ²¨´µ³:

〈ab|K(γ)|a′b′〉L` = C1 Zab(γ) +

N∑
j=2

Cj X
j
ab exp(iλjγ) . (180)

�¤´ ±µ ¢ µ¡Ð¥³ ¸²ÊÎ ¥ ±µÔËË¨Í¨¥´É �¥°´ ² Å�¥¢ ¨ (175), (176) Å ·Ö¤
¶µ Í¥²Ò³ ¸É¥¶¥´Ö³ ËÊ´±Í¨° cos γ ¨ sin γ. ’ ±µ° ·Ö¤ ¸¢µ¤¨É¸Ö ± ±µ´¥Î´µ°
²¨´¥°´µ° ±µ³¡¨´ Í¨¨ ËÊ´±Í¨° exp(±inγ) ¸ Í¥²Ò³¨ ¨´¤¥±¸ ³¨ n = 0, 1, ...
’ ± Ö ±µ³¡¨´ Í¨Ö ´¥ ¨³¥¥É ¸² £ ¥³ÒÌ ¸ ¶µ²¨´µ³¨ ²Ó´µ° § ¢¨¸¨³µ¸ÉÓÕ µÉ
γ ¨ ¶µÔÉµ³Ê ´¥ ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¢ ¢¨¤¥ (180). �µ²ÊÎ¥´´µ¥ ¶·µ-
É¨¢µ·¥Î¨¥ µ§´ Î ¥É, ÎÉµ ¢¸¥ ¸µ¡¸É¢¥´´Ò¥ Î¨¸²  λj § ¤ Î¨ (177) Ö¢²ÖÕÉ¸Ö
´¥¢Ò·µ¦¤¥´´Ò³¨ ¨ Í¥²Ò³¨ Î¨¸² ³¨.
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�¥Ï¥´¨Ö ¨¸¸²¥¤Ê¥³µ° § ¤ Î¨ (168), (140) ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¨ ¢ ¢¨¤¥ µ¤-
´µ±· É´ÒÌ ²¨¡µ ¤¢ÊÌ±· É´ÒÌ ¨´É¥£· ²µ¢. —Éµ¡Ò ¢Ò¢¥¸É¨ ¶¥·¢µ¥ ¨´É¥£· ²Ó-
´µ¥ ¶·¥¤¸É ¢²¥´¨¥, Ê³´µ¦¨³ ± ¦¤µ¥ (m = −`, ..., `) Éµ¦¤¥¸É¢µ (143) ´  ¸µ-
µÉ¢¥É¸É¢ÊÕÐÊÕ ËÊ´±Í¨Õ C`mamb0 Θam(u). �µ²ÊÎ¨¢Ï¨¥¸Ö (2` + 1) · ¢¥´¸É¢ 
¶·µ¨´É¥£·¨·Ê¥³ ¶µ ¶¥·¥³¥´´µ° u ´  µÉ·¥§±¥ −1 ≤ u ≤ 1 ¨ ¶·µ¸Ê³³¨·Ê¥³
¶µ ¨´¤¥±¸Ê m. ˆÉµ£µ¢µ¥ · ¢¥´¸É¢µ ¸¢¥¤¥³, ¨¸¶µ²Ó§µ¢ ¢ ¸µµÉ´µÏ¥´¨Ö (114) ¨
(116), ± µ¤´µ³¥·´µ³Ê ¨´É¥£· ²Ó´µ³Ê Éµ¦¤¥¸É¢Ê ¶µ ¶¥·¥³¥´´µ° ϕ:

〈 ab|K(γ)|a′b′ 〉L`(γ) = W−1
Lab(ϕ)

∫ 1

−1

duK`
aba′b′(ϕ, u; γ)WLa′b′(ϕ

′(ϕ, u; γ)) .

(181)
‡ ³¥´¨¢ ¶¥·¥³¥´´ÊÕ ¨´É¥£·¨·µ¢ ´¨Ö u ´  ϕ′ ¶µ ¶· ¢¨² ³ (122)Ä(127), ¶¥·¥-
¶¨Ï¥³ ÔÉµ Éµ¦¤¥¸É¢µ ¢ ¢¨¤¥

〈 ab|K(γ)|a′b′ 〉L`(γ) = W−1
Lab(ϕ)

∫ C−(ϕ;γ)

C+(ϕ;γ)

dϕ′K`
aba′b′(ϕ,ϕ

′; γ)WLa′b′(ϕ
′) .

(182)
ˆ¸¶µ²Ó§µ¢ ¢ µ¶·¥¤¥²¥´¨Ö (79) ¨ (131), ¶·¥¤¸É ¢¨³ ¶µ²ÊÎ¥´´µ¥ ¸µµÉ´µÏ¥´¨¥
¢ ¢¨¤¥ · ¢¥´¸É¢ 

〈ϕ|h`aba′b′(γ)|W̃La′b′(ϕ)〉 = 〈ab|K(γ)|a′b′〉L` W̃Lab(ϕ). (183)

’¥¶¥·Ó Ê³´µ¦¨³ Éµ¦¤¥¸É¢µ (181) ´  ËÊ´±Í¨Õ ρ2(ϕ)WLab(ϕ). �·¨³¥´¨¢
Ê¸²µ¢¨Ö µ·Éµ´µ·³¨·µ¢ ´´µ¸É¨ (66) ¤²Ö É ±¨Ì ËÊ´±Í¨°, ¶·µ¨´É¥£·¨·Ê¥³ µ¡¥
Î ¸É¨ ¶µ²ÊÎ¨¢Ï¥£µ¸Ö ¸µµÉ´µÏ¥´¨Ö ¶µ ¶¥·¥³¥´´µ° ϕ ´  µÉ·¥§±¥ [0, π/2]. ‚
·¥§Ê²ÓÉ É¥ ³ É·¨Î´Ò° Ô²¥³¥´É 〈 ab|K(γ)|a′b′ 〉L` ¶·¥¤¸É ¢¨É¸Ö ¢ ¢¨¤¥ ¤¢µ°´µ£µ
¨´É¥£· ²  (133), · ¢´µ£µ ¨´É¥£· ²Ê (134).

�·¨¸ÉÊ¶¨³ ± ¢Ò¢µ¤Ê ¤¨¸±·¥É´ÒÌ ¶·¥¤¸É ¢²¥´¨° ËÊ´±Í¨° 〈 ab|K(γ)|a′b′ 〉L`
¢ ¢¨¤¥ µ¤´µ±· É´ÒÌ ¨²¨ ¤¢ÊÌ±· É´ÒÌ ¸Ê³³ ¶µ ¶·µ¨§¢µ²Ó´Ò³ Ê§²µ¢Ò³ §´ Î¥-
´¨Ö³ ¸µ¢µ±Ê¶´µ¸É¥°  ·£Ê³¥´Éµ¢ Ω ¨²¨, ¸µµÉ¢¥É¸É¢¥´´µ, u ¨ ϕ.

�Ê¸ÉÓ N Å Î¨¸²µ £¨¶¥·£ ·³µ´¨± (54) ¸ ¤ ´´Ò³¨ ¨´¤¥±¸ ³¨ L, ` ¨ m.
‡ ¶¨Ï¥³ ¶ÖÉ¨³¥·´µ¥ Éµ¦¤¥¸É¢µ (142) ¢ N ¶·µ¨§¢µ²Ó´ÒÌ, ´µ · §²¨Î´ÒÌ ÉµÎ-
± Ì Ω = Ωi, i = 1, ..., N , ¥¤¨´¨Î´µ° £¨¶¥·¸Ë¥·Ò S5

xy, µÉ²¨Î´ÒÌ µÉ ÉµÎ¥± ¸
±µµ·¤¨´ É ³¨ Ωp (¸²ÊÎ ° (12)) ¨²¨ Ωl (¸²ÊÎ ° (13)Ä(15)). ’µ£¤  ¶µ²ÊÎ¨³ ¸¨-
¸É¥³Ê ¨§ N ²¨´¥°´ÒÌ Ê· ¢´¥´¨° ¤²Ö ´¥¨§¢¥¸É´ÒÌ ËÊ´±Í¨° 〈ab|K(γ)|a′b′〉L`
¸ Ë¨±¸¨·µ¢ ´´Ò³¨ ¨´¤¥±¸ ³¨ L, `, a′ ¨ b′ ¨ ¢¸¥³¨ ¢µ§³µ¦´Ò³¨ ¶·¨ É ±µ³
Ê¸²µ¢¨¨ ¨´¤¥±¸ ³¨ a ¨ b:

Y `mLa′b′(Ω
′(Ωi; γ)) =

∑
ab

〈ab|K(γ)|a′b′〉L` Y `mLab(Ωi) , i = 1, ..., N. (184)

ˆ´¤¥±¸Ò a ¨ b ¶·µ´Ê³¥·Ê¥³ ¨´¤¥±¸µ³ j = 1, ..., N , ÎÉµ¡Ò ¶¥·¥¶¨¸ ÉÓ Ê· ¢´¥-
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´¨Ö (184) ¢ ¢¨¤¥, Ê¤µ¡´µ³ ¤²Ö Î¨¸²¥´´µ£µ ·¥Ï¥´¨Ö:

N∑
j=1

Yij Xj = Y `mLa′b′(Ω
′(Ωi; γ)) , (185)

Xj ≡ 〈ajbj |K(γ)|a′b′〉L` , Yij ≡ Y `mLajbj (Ωi) , i, j = 1, ..., N.

’ ± ± ± £¨¶¥·£ ·³µ´¨±¨ Y `majbj (Ω) ¸ j = 1, ..., N ²¨´¥°´µ ´¥§ ¢¨¸¨³Ò ´ 

S5
xy, Éµ ³ É·¨Í  Y ¸¨¸É¥³Ò (185) ´¥ ¢Ò·µ¦¤¥´  ¶·¨ ²Õ¡µ³ ¢Ò¡µ·¥ ÉµÎ¥±

Ωi. ‘²¥¤µ¢ É¥²Ó´µ, ÔÉ  ¸¨¸É¥³  ¢¸¥£¤  ¨³¥¥É ¥¤¨´¸É¢¥´´µ¥ ·¥Ï¥´¨¥. �´µ
¨´¢ ·¨ ´É´µ µÉ´µ¸¨É¥²Ó´µ ¢Ò¡µ·  Ê§²µ¢ Ωi ¨ ¶·¥¤¸É ¢¨³µ ¢ ¢¨¤¥

〈ajbj |K(γ)|a′b′〉L` =

N∑
i=1

Y −1
ji Y `mLa′b′(Ω

′(Ωi; γ)) , j = 1, ..., N. (186)

ˆ¤¥Ö µ¶¨¸ ´´µ° ¤¨¸±·¥É¨§ Í¨¨ Éµ¦¤¥¸É¢  (142) ¨ ¨¸¶µ²Ó§µ¢ ´¨Ö ¶·¥¤¸É -
¢²¥´¨Ö (186) ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ±µÔËË¨Í¨¥´Éµ¢ �¥°´ ² Å�¥¢ ¨ ¶·¨´ ¤²¥¦¨É
�Ë·µ¸Ê [82]. � §¢¨¢ Ö ÔÉÊ ¨¤¥Õ, ¢Ò¢e¤e³ ¤²Ö É ±¨Ì ±µÔËË¨Í¨¥´Éµ¢ ¡µ²¥¥
Ê¤µ¡´µ¥ ¸ ¢ÒÎ¨¸²¨É¥²Ó´µ° ÉµÎ±¨ §·¥´¨Ö ¤¨¸±·¥É´µ¥ ¶·¥¤¸É ¢²¥´¨¥.

�Ê¸ÉÓ É¥¶¥·Ó N Å Î¨¸²µ ¢µ§³µ¦´ÒÌ §´ Î¥´¨° ¨´¤¥±¸  a £¨¶¥·£ ·³µ-
´¨± ¸ ¤ ´´Ò³¨ L,` ¨ m,   M Å Î¨¸²µ ¢µ§³µ¦´ÒÌ §´ Î¥´¨° ¨´¤¥±¸  b
É ±¨Ì £¨¶¥·£ ·³µ´¨± ¶·¨ Ë¨±¸¨·µ¢ ´´µ³ ¨´¤¥±¸¥ a. ‚¸¥ ¢µ§³µ¦´Ò¥ §´ -
Î¥´¨Ö ¨´¤¥±¸  a · ¸¶µ²µ¦¨³ ¢ ¶µ·Ö¤±¥ ¢µ§· ¸É ´¨Ö ¨ ¶·µ´Ê³¥·Ê¥³ Í¥²Ò³
¨´¤¥±¸µ³: a = ai, i = 1, ..., N, a1 < a2 < ... < aN . �´ ²µ£¨Î´µ¥ ¸µµÉ-
¢¥É¸É¢¨¥ ¢¢¥¤¥³ ¤²Ö ¢¸¥Ì ¢µ§³µ¦´ÒÌ ¶·¨ ¤ ´´µ³ a §´ Î¥´¨° ¨´¤¥±¸  b:
b = bj, j = 1, ...,M, b1 < b2 < ... < bM . ‡ Ë¨±¸¨·Ê¥³ §´ Î¥´¨Ö ¨´¤¥±¸µ¢
a′ ¨ b′. „²Ö Ê¶·µÐ¥´¨Ö ¢ÒÎ¨¸²¥´¨° ¶µ²µ¦¨³ m = (1 − (−1)`+L)/2. ’µ¦¤¥-
¸É¢µ (143) ¸ ¢Ò¡· ´´Ò³¨ a′, b′ ¨ m § ¶¨Ï¥³ ¢ ¢¨¤¥

N∑
j=1

Θajm(u)Xj(ϕ; γ) = Qa′b′(u, ϕ; γ) , (187)

Xj(ϕ; γ) ≡
M∑
t=1

(bt + 1/2)1/2C`majmbt0WLajbt(ϕ)〈ajbt|K(γ)|a′b′〉L` . (188)

�  ¨´É¥·¢ ²¥ (−1, 1) § ¤ ¤¨³ ´¥±µÉµ·ÊÕ ¸¥É±Ê Ê§²µ¢ ui, i = 1, ..., N . ‡ ¶¨Ï¥³
Éµ¦¤¥¸É¢µ (187) ´  ÔÉµ° ¸¥É±¥. ‚ ·¥§Ê²ÓÉ É¥ É ±µ° ¤¨¸±·¥É¨§ Í¨¨ ¶µ²ÊÎ¨³
¸¨¸É¥³Ê ²¨´¥°´ÒÌ Ê· ¢´¥´¨° ¤²Ö ´¥¨§¢¥¸É´ÒÌ ËÊ´±Í¨° (188):

N∑
j=1

Θij Xj(ϕ; γ) = Qa′b′(ui, ϕ; γ) , Θij ≡ Θajm(ui) , i, j = 1, ..., N . (189)
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�  ¨´É¥·¢ ²¥ (−1, 1) ËÊ´±Í¨¨ Θam(u) ¸ Ë¨±¸¨·µ¢ ´´Ò³ ¨´¤¥±¸µ³ m ¨ · §-
²¨Î´Ò³¨ ¨´¤¥±¸ ³¨ a ²¨´¥°´µ ´¥§ ¢¨¸¨³Ò [6]. �µÔÉµ³Ê ¶·¨ ²Õ¡µ³ ¢Ò¡µ·¥
¸¥É±¨ ³ É·¨Í  Θ ¸¨¸É¥³Ò (189) ´¥ ¢Ò·µ¦¤¥´ . �¡· É¨¢ ÔÉÊ ³ É·¨ÍÊ, ¤²Ö
± ¦¤µ£µ j ¶µ²ÊÎ¨³ ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ Éµ¦¤¥¸É¢µ ¶µ ¶¥·¥³¥´´µ° ϕ:

M∑
t=1

(bt + 1/2)1/2C`majmbt0WLajbt(ϕ) 〈ajbt|K(γ)|a′b′〉 = (190)

=
N∑
i=1

Θ−1
ji Qa′b′(ui, ϕ; γ) .

‡ ¶¨¸ ¢ ± ¦¤µ¥ É ±µ¥ Éµ¦¤¥¸É¢µ ¢ Ê§² Ì ϕs, s = 1, ...,M , ¶·µ¨§¢µ²Ó´µ° ¸¥É±¨,
§ ¤ ´´µ° ´  ¨´É¥·¢ ²¥ (0, π/2), ¶µ²ÊÎ¨³ ¸µµÉ¢¥É¸É¢ÊÕÐÊÕ ¸¨¸É¥³Ê ²¨´¥°´ÒÌ
Ê· ¢´¥´¨° ¤²Ö ¨¸±µ³ÒÌ ËÊ´±Í¨° 〈abt|K(γ)|a′b′〉L` ¸ µ¤¨´ ±µ¢Ò³¨ ¨´¤¥±¸ ³¨
a = aj ¨ a′, b′, ´µ · §´Ò³¨ ¨´¤¥±¸ ³¨ bt:

M∑
t=1

Wst 〈ajbt|K(γ)|a′b′〉L` =
N∑
i=1

Θ−1
ji Qa′b′(ui, ϕs; γ) , s = 1, ...,M. (191)

„µ± ¦¥³, ÎÉµ ³ É·¨Í  W,

Wst ≡ (bt + 1/2)1/2 C`majmbt0WLajbt(ϕs) , s, t = 1, ...,M, (192)

¸¨¸É¥³Ò Ê· ¢´¥´¨° (191) ´¥ ¢Ò·µ¦¤¥´ . ‚¢¥¤Ö µ¡µ§´ Î¥´¨Ö α ≡ aj , β ≡
≡ b1, z ≡ cos 2ϕ ¨ ¨¸¶µ²Ó§ÊÖ µ¶·¥¤¥²¥´¨¥ (55) ËÊ´±Í¨° WLab, § ¶¨Ï¥³ ¢¸¥
³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ (192) ¢ ¢¨¤¥

Wst = 2t−1 (bt + 1/2)1/2 C`majmbt0NLajbt (sinϕs)
aj (cosϕs)

b1 Fst , (193)

£¤¥ ³ É·¨Í  F ¸µ¸É ¢²¥´  ¨§ Ê§²µ¢ÒÌ §´ Î¥´¨° ËÊ´±Í¨°

ft(z) ≡ (1 + z)t−1 P
(α,β+2(t−1))
M−t (z) , t = 1, ...,M, (194)

¶µ ¶· ¢¨² ³
Fst ≡ ft(zs) , zs ≡ cos 2ϕs , s, t = 1, ...,M . (195)

�·¨³¥´¨¢ ¨§¢¥¸É´Ò¥ ·¥±Ê··¥´É´Ò¥ ¸µµÉ´µÏ¥´¨Ö ¤²Ö ¶µ²¨´µ³µ¢ Ÿ±µ¡¨ [6],
¶·¥¤¸É ¢¨³ ¢¸¥ ËÊ´±Í¨¨ (194) ¢ ¢¨¤¥ · §²µ¦¥´¨°

ft(z) =

M−1∑
k=0

Ctk P
(α,β+M−1)
k (z) , t = 1, ...,M, (196)

¶µ ¸¨¸É¥³¥ ¨§ M ËÊ´±Í¨° P
(α,β+M−1)
k (z), k = 1, ...,M . ˆ§¢¥¸É´µ [6], ÎÉµ

É ±¨¥ ¶µ²¨´µ³Ò ²¨´¥°´µ ´¥§ ¢¨¸¨³Ò ´  ¨´É¥·¢ ²¥ z ∈ (−1, 1). ‚ ¸¨²Ê ¶·¥¤-
¸É ¢²¥´¨Ö (196) ÔÉ¨³ ¦¥ ¸¢µ°¸É¢µ³ µ¡² ¤ ¥É ¨ ¸¨¸É¥³  ¨§ M ËÊ´±Í¨° (194).
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�µÔÉµ³Ê ¶·¨ ²Õ¡µ³ ¢Ò¡µ·¥ Ê§²µ¢ ϕs ³ É·¨Í  (195),   §´ Î¨É, ¨ ³ É·¨Í  (193),
¨³¥ÕÉ µ¡· É´Ò¥ ³ É·¨ÍÒ F−1 ¨ W−1. ‘²¥¤µ¢ É¥²Ó´µ, ¸¨¸É¥³  (191) ¢¸¥£¤ 
¨³¥¥É ¥¤¨´¸É¢¥´´µ¥ ·¥Ï¥´¨¥. �´µ ´¥ § ¢¨¸¨É µÉ ¢Ò¡µ·  Ê§²µ¢ ui ¨ ϕs ¨
¶·¥¤¸É ¢¨³µ ¢ ¢¨¤¥

〈ajbt|K(γ)|a′b′〉L` =
M∑
s=1

W−1
ts

N∑
i=1

Θ−1
ji Qa′b′(ui, ϕs; γ) , t = 1, ...,M. (197)

‚Ò¢¥¤¥³ ¸µµÉ´µÏ¥´¨Ö, ¶µ§¢µ²ÖÕÐ¨¥ ¨¸¸²¥¤µ¢ ÉÓ É ±¨¥ ²µ± ²Ó´Ò¥ ¸¢µ°-
¸É¢  ËÊ´±Í¨° 〈ab|K(γ)|a′b′〉L`, ± ±  ¸¨³¶ÉµÉ¨±¨ ¢ ¢Ò¡· ´´µ° ÉµÎ±¥ γ0 ¨
¶µ²µ¦¥´¨Ö Ô±¸É·¥³Ê³µ¢.

�·¨³¥´¨¢ Ëµ·³Ê²Ò (48) ¨ (138), · §²µ¦¨³ ËÊ´±Í¨Õ 〈ab|K(γ0+γ)|a′b′〉L`
¢ ·Ö¤ ’¥°²µ·  ¸ Í¥´É·µ³ ¢ ÉµÎ±¥ γ0:

〈ab|K(γ0 + γ)|a′b′〉L` =

∞∑
n=0

(−iγ)n
n∑

µ,ν=0

〈ab|Jn|a− n+ 2µ, b− n+ 2ν〉L`×

×〈a− n+ 2µ, b− n+ 2ν|K(γ0)|a′b′〉L` . (198)

�·¨ γ → 0 É ±µ° ·Ö¤ ³µ¦´µ  ¶¶·µ±¸¨³¨·µ¢ ÉÓ ¥£µ ±µ´¥Î´µ° ¶µ¤¸Ê³³µ° ¨
¨¸¶µ²Ó§µ¢ ÉÓ ¥¥ ¤²Ö ± Î¥¸É¢¥´´µ£µ µ¶¨¸ ´¨Ö ¶µ¢¥¤¥´¨Ö ËÊ´±Í¨¨ 〈ab|K(γ0+
+γ)|a′b′〉L` ¢ ³ ²µ° µ±·¥¸É´µ¸É¨ ÉµÎ±¨ γ0. ‚ ± Î¥¸É¢¥ ¶·µ¸ÉÒÌ ¶·¨³¥·µ¢
· ¸¸³µÉ·¨³ ¸²ÊÎ ¨ γ0 = 0, π/2. �µ²µ¦¨³ ¢ ·Ö¤¥ (198) ¸´ Î ²  γ0 = 0,  
§ É¥³ γ0 = π/2. „ ²¥¥, ÊÎ¨ÉÒ¢ Ö · ¢¥´¸É¢  (138), (140) ¨ (141), ¶µ²ÊÎ ¥³
· §²µ¦¥´¨Ö

〈ab|K(γ)|a′b′〉L` = (−1)L
∞∑
n=0

(−iγ)N+n〈ab|JN+n|a′b′〉L` , (199)

〈ab|K(π/2 + γ)|a′b′〉L` = (−1)(L+2`+a′−b′)/2
∞∑
n=0

(−iγ)N ′+n〈ab|JN ′+n|b′a′〉L` ,

N ≡ max {|a′ − a|, |b′ − b|} , N ′ ≡ max {|a′ − b|, |b′ − a|} ,

¸µ£² ¸´µ ±µÉµ·Ò³ ¶·¨ γ → 0, π/2 ËÊ´±Í¨¨ 〈ab|K(γ)|ab〉L` ¸É·¥³ÖÉ¸Ö ± ±1,
¥¸²¨ a′ = a, b′ = b ¨²¨ a′ = b, b′ = a,   ¢ ¤·Ê£¨Ì ¸²ÊÎ ÖÌ ¸Ìµ¤ÖÉ¸Ö ± ´Ê²Õ ´¥
³¥¤²¥´´¥¥, Î¥³ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¸É¥¶¥´´Ò¥ ËÊ´±Í¨¨ γN ¨ (π/2− γ)N ′ .

�·µ¨§¢µ¤´ Ö ËÊ´±Í¨¨ 〈ab|K(γ)|a′b′〉L` µ¡· Ð ¥É¸Ö ¢ ´Ê²Ó Éµ£¤  ¨ Éµ²Ó±µ
Éµ£¤ , ¥¸²¨ · ¢´  ´Ê²Õ ¶· ¢ Ö Î ¸ÉÓ Ê· ¢´¥´¨Ö (168). �µÔÉµ³Ê ¶µ²µ¦¥´¨¥
²µ± ²Ó´ÒÌ Ô±¸É·¥³Ê³µ¢ ÔÉµ° ËÊ´±Í¨¨ µ¶·¥¤¥²Ö¥É¸Ö Ê· ¢´¥´¨¥³∑

µ,ν=±1

〈ab|J |a+ µ, b+ ν〉L` 〈a+ µ, b+ ν|K(γ)|a′b′〉L` = 0 . (200)
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’¥¶¥·Ó ¤µ± ¦¥³ É¥µ·¥³Ê ¸²µ¦¥´¨Ö ¤²Ö ¶µ²¨´µ³µ¢ Ÿ±µ¡¨ ¸ ¶µ²ÊÍ¥²Ò³¨
¢¥·Ì´¨³¨ ¨´¤¥±¸ ³¨. ’¥µ·¥³  ¸²µ¦¥´¨Ö ¤²Ö ¶µ²¨´µ³µ¢ Ÿ±µ¡¨ ¸ Í¥²Ò³¨
¢¥·Ì´¨³¨ ¨´¤¥±¸ ³¨ ¶·¨¢¥¤¥´  ¢ ±´¨£¥ [23] ¢ ¢¨¤¥ É¥µ·¥³Ò ¸²µ¦¥´¨Ö ¤²Ö
D-ËÊ´±Í¨° ‚¨£´¥· . ’¥µ·¥³  ¸²µ¦¥´¨Ö ¤²Ö ¶µ²¨´µ³µ¢ Ÿ±µ¡¨ ¢ ¸²ÊÎ ¥ ¶µ²Ê-
Í¥²ÒÌ ¢¥·Ì´¨Ì ¨´¤¥±¸µ¢ ´¥ Ê¶µ³¨´ ¥É¸Ö ´¨ ¢ ÔÉµ° ±´¨£¥, ´¨ ¢ ¸¶¥Í¨ ²Ó´ÒÌ
³ É¥³ É¨Î¥¸±¨Ì ¸¶· ¢µÎ´¨± Ì [6] ¨ [7]. �µÔÉµ³Ê ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¦´Ò³
· ¸¸³µÉ·¥ÉÓ ÔÉµÉ ¸²ÊÎ °. ˆ¸¶µ²Ó§µ¢ ¢ µ¶·¥¤¥²¥´¨Ö (55) ËÊ´±Í¨° WLab, ¶¥-
·¥¶¨Ï¥³ Éµ¦¤¥¸É¢µ (144) ¢ É¥·³¨´ Ì ¶µ²¨´µ³µ¢ Ÿ±µ¡¨. ’ ±¨³ µ¡· §µ³, ¤µ-
± §Ò¢ ¥³ ¸²¥¤ÊÕÐÊÕ É¥µ·¥³Ê.

’¥µ·¥³  1. �·¨ ²Õ¡ÒÌ Í¥²ÒÌ ¨´¤¥±¸ Ì

`, a, b, a′, b′;L = 2n+ a+ b = 2n′ + a′ + b′; (−1)a+b+` = 1

¨ Ê¸²µ¢¨ÖÌ ϕ′ = ϕ− γ 6= 0, ±π/2, ±π ¢¥·´  Ëµ·³Ê²  ¸²µ¦¥´¨Ö

P
(a′+1/2, b′+1/2)
n′ (cos 2ϕ′) = (−1)a

′+b′
∑
ab

B`abNLab

B`a′b′NLa′b′
〈ab|K(γ)|a′b′〉L` ×

× (sinϕ)a (cosϕ)b

(sinϕ′)a′(cosϕ′)b′
P (a+1/2, b+1/2)
n (cos 2ϕ) ,

£¤¥ ±µÔËË¨Í¨¥´ÉÒ NLab ¨ B`ab § ¤ ´Ò Ëµ·³Ê² ³¨ (56) ¨ (97).
�¡¸Ê¤¨³ ´µ¢Ò¥ ¸¶µ¸µ¡Ò ¢ÒÎ¨¸²¥´¨Ö ±µÔËË¨Í¨¥´Éµ¢ �¥°´ ² Å�¥¢ ¨.

ŠµÔËË¨Í¨¥´ÉÒ �¥°´ ² Å�¥¢ ¨ (175) ³µ¦´µ ´ °É¨ ¨´É¥£·¨·µ¢ ´¨¥³ ¸¨¸É¥³Ò
¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° (168) ¸ £· ´¨Î´Ò³ Ê¸²µ¢¨¥³ (140) ¨²¨ ·¥Ï¥-
´¨¥³ Ô±¢¨¢ ²¥´É´µ° ³ É·¨Î´µ° § ¤ Î¨ (177)Ä(179),   É ±¦¥ ¢ÒÎ¨¸²¥´¨¥³ µ¤-
´µ³¥·´ÒÌ ¨´É¥£· ²µ¢ (181), (182) ¨²¨ ¦¥ ·¥Ï¥´¨¥³ ¸µ¢µ±Ê¶´µ¸É¨ ±µ´¥Î-
´ÒÌ ¸¨¸É¥³ ²¨´¥°´ÒÌ Ê· ¢´¥´¨° (187)Ä(192). � §³¥·´µ¸ÉÓ ³ É·¨ÍÒ Y ¸¨-
¸É¥³Ò (185) ¢µ§· ¸É ¥É ¶·¨ L → ∞, ± ± O(L4). �µÔÉµ³Ê ¶·¨ ¡µ²ÓÏ¨Ì
L ¢³¥¸Éµ ¶·¥¤¸É ¢²¥´¨Ö (186) · §Ê³´¥¥ ¨¸¶µ²Ó§µ¢ ÉÓ ¶·¥¤¸É ¢²¥´¨¥ (197),
· §³¥·´µ¸É¨ ³ É·¨Í Θ ¨ W ±µÉµ·µ£µ · ¸ÉÊÉ £µ· §¤µ ³¥¤²¥´´¥¥. „¥°¸É¢¨-
É¥²Ó´µ, ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ¶µ Ëµ·³Ê² ³ (187)Ä(192), (197) ¢¸¥Ì ±µÔËË¨Í¨¥´Éµ¢
�¥°´ ² Å�¥¢ ¨ 〈ajbt|K(γ)|a′b′〉L` ¸ ¤ ´´Ò³¨ ¨´¤¥±¸ ³¨ L, ` ¨ a′, b′ ´¥µ¡Ìµ-
¤¨³µ µ¤¨´ · § µ¡· É¨ÉÓ ³ É·¨ÍÊ Θ · §³¥·´µ¸É¨ N ∼ L, ¶µ¸É·µ¨ÉÓ N µ¡· É-
´ÒÌ ³ É·¨Í W−1 · §³¥·´µ¸É¨ M ∼ L ¨, ´ ±µ´¥Í, ¢ÒÎ¨¸²¨ÉÓ ¸Ê³³Ò (197)
¤²Ö ¢¸¥Ì j = 1, ..., N ¨ t = 1, ...,M .

‘ÊÐ¥¸É¢¥´´µ ¸µ±· É¨ÉÓ µ¡Ñ¥³ ³ É¥³ É¨Î¥¸±¨Ì µ¶¥· Í¨°, ´¥µ¡Ìµ¤¨³ÒÌ
¤²Ö ¢ÒÎ¨¸²¥´¨Ö ±µÔËË¨Í¨¥´Éµ¢ �¥°´ ² Å�¥¢ ¨ ²Õ¡Ò³ ¨§ ¶¥·¥Î¨¸²¥´´ÒÌ
¢ÒÏ¥ ¸¶µ¸µ¡µ¢, ¶µ§¢µ²ÖÕÉ ¸µµÉ´µÏ¥´¨Ö ¸¨³³¥É·¨¨ (165) ¨ Ëµ·³Ê²  ¸²µ-
¦¥´¨Ö (167). �·¨³¥´¨¢ ÔÉÊ Ëµ·³Ê²Ê, ³µ¦´µ ¢ÒÎ¨¸²¨ÉÓ ±µÔËË¨Í¨¥´ÉÒ �¥°-
´ ² Å�¥¢ ¨ ¶·¨ ±¨´¥³ É¨Î¥¸±µ³ Ê£²¥ γ = γ1 + γ2 ¶µ ¨§¢¥¸É´Ò³ §´ Î¥´¨Ö³
ÔÉ¨Ì ±µÔËË¨Í¨¥´Éµ¢ ¤²Ö γ = γ1 ¨ γ = γ2. ‚ ¶·¥¤¥²Ó´ÒÌ ¸²ÊÎ ÖÌ (6) ¨ (7)
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±µÔËË¨Í¨¥´ÉÒ �¥°´ ² Å�¥¢ ¨ ³µ¦´µ  ¶¶·µ±¸¨³¨·µ¢ ÉÓ ±µ´¥Î´Ò³¨ ¸Ê³-
³ ³¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ·Ö¤µ¢ (199). ’Ð É¥²Ó´Ò° ±µ´É·µ²Ó ÉµÎ´µ¸É¨ ¢ÒÎ¨-
¸²¥´¨Ö ±µÔËË¨Í¨¥´Éµ¢ �¥°´ ² Å�¥¢ ¨ ²Õ¡Ò³ ¨§ ¢ÒÏ¥Ê¶µ³Ö´ÊÉÒÌ ¸¶µ¸µ¡µ¢
³µ¦´µ µ¸ÊÐ¥¸É¢¨ÉÓ, ¶µ¤¸É ¢¨¢ ·¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨° ¢ ²¥¢Ò¥ Î ¸É¨ ¸µµÉ-
´µÏ¥´¨° (143), (144), (166), (169), (172)Ä(174) ¨ (200) ¨ ¸· ¢´¨¢ § É¥³ ¶µ-
²ÊÎ¥´´Ò¥ §´ Î¥´¨Ö ¸µ §´ Î¥´¨Ö³¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¶· ¢ÒÌ Î ¸É¥° ÔÉ¨Ì ¦¥
¸µµÉ´µÏ¥´¨°.

‚ § ±²ÕÎ¥´¨¥ ¶¥·¥Î¨¸²¨³ Ëµ·³Ê²Ò, ¤µ± § ´´Ò¥ · ´¥¥ ¢ ¤·Ê£¨Ì · ¡µÉ Ì,
´µ ¡µ²¥¥ ¸²µ¦´Ò³¨ ¸¶µ¸µ¡ ³¨, Î¥³ Ê¶µ³Ö´ÊÉÒ¥ ¢ÒÏ¥. ”µ·³Ê²Ò (162)Ä(164)
¤µ± § ´Ò ¢ · ¡µÉ¥ [79] ¶·¥¤¥²Ó´Ò³ ¶¥·¥Ìµ¤µ³ γ → 0 ¢ Ö¢´ÒÌ ¢Ò· ¦¥´¨ÖÌ
¤²Ö ±µÔËË¨Í¨¥´Éµ¢ �¥°´ ² Å�¥¢ ¨ (176). ‚ ÔÉµ° ¦¥ · ¡µÉ¥ ¤²Ö É ±¨Ì ±µÔË-
Ë¨Í¨¥´Éµ¢ ¡Ò²¨ ¢Ò¢¥¤¥´Ò ¸¨¸É¥³Ò ²¨´¥°´ÒÌ Ê· ¢´¥´¨° É¨¶  (168) ¨ ¤µ± -
§ ´µ, ÎÉµ ¸µ¡¸É¢¥´´Ò¥ Î¨¸²  § ¤ Î¨ (177) Ö¢²ÖÕÉ¸Ö Í¥²Ò³¨. ”µ·³Ê²Ò (170)
¨ (171) ¶µ²ÊÎ¥´Ò ¢ · ¡µÉ¥ [80] ± ± Î ¸É´Ò° ¸²ÊÎ ° ¸²µ¦´ÒÌ ·¥±Ê··¥´É´ÒÌ
¸µµÉ´µÏ¥´¨°. ˆ´É¥£· ²Ó´µ¥ ¶·¥¤¸É ¢²¥´¨¥ (181)Ä(183) ¢¶¥·¢Ò¥ ¤µ± § ´µ ¢
· ¡µÉ¥ [65].

3. “��‚�…�ˆŸ ˜�…„ˆ�ƒ…�� ˆ ”�„„……‚�

�¸´µ¢´ Ö Í¥²Ó ÔÉµ£µ · §¤¥²  Å µ¶¨¸ ÉÓ, ¨¸¶µ²Ó§µ¢ ¢ ¶µ´ÖÉ¨¥ ¨ ¸¢µ°¸É¢ 
±¨´¥³ É¨Î¥¸±µ£µ ¶·¥µ¡· §µ¢ ´¨Ö, ·¥¤Ê±Í¨Õ Ê· ¢´¥´¨° ˜·¥¤¨´£¥·  ¨ ” ¤-
¤¥¥¢ , ¨§´ Î ²Ó´µ § ¶¨¸ ´´ÒÌ ¢ R6, ± ¸¨¸É¥³ ³ Ê· ¢´¥´¨° ¢ R2

+ ¨²¨ R1
+. ‚

¶. 3.1 ¶¥·¥Î¨¸²¥´Ò ´¥±µÉµ·Ò¥ ¨§¢¥¸É´Ò¥ µ¶¥· Éµ·´Ò¥ ¨ ¸¶¥±É· ²Ó´Ò¥ ¸¢µ°-
¸É¢  ¸¢µ¡µ¤´µ£µ É·¥ÌÎ ¸É¨Î´µ£µ £ ³¨²ÓÉµ´¨ ´ . ‚ ¶. 3.2 ¶µÖ¸´ÖÕÉ¸Ö ³ É·¨Î-
´Ò¥ ¶·¥¤¸É ¢²¥´¨Ö Í¥´É· ²Ó´µ£µ ¨ S-¢µ²´µ¢µ£µ ¢§ ¨³µ¤¥°¸É¢¨° ¢ Ê£²µ¢ÒÌ
¡ §¨¸ Ì. ‘É·µ¥´¨Õ ¨ Ê£²µ¢µ³Ê  ´ ²¨§Ê Ê· ¢´¥´¨° ˜·¥¤¨´£¥·  ¨ ” ¤¤¥¥¢ 
¶µ¸¢ÖÐ¥´Ò ¶. 3.3 ¨ 3.4.

3.1. �¸´µ¢´Ò¥ ¸¢µ°¸É¢  ¸¢µ¡µ¤´µ£µ £ ³¨²ÓÉµ´¨ ´ . ‚ ±¢ ´Éµ¢µ° ³¥Ì -
´¨±¥ [10] ¸µ¸ÉµÖ´¨Ö |ε〉 ¸¨¸É¥³Ò Î ¸É¨Í ±² ¸¸¨Ë¨Í¨·ÊÕÉ¸Ö ´ ¡µ· ³¨ ε ¸µÌ· -
´ÖÕÐ¨Ì¸Ö ±¢ ´Éµ¢ÒÌ Î¨¸¥². ‘µ¸ÉµÖ´¨Õ |ε〉 ¸É ¢¨É¸Ö ¢ ¸µµÉ¢¥É¸É¢¨¥ ·¥£Ê²Ö·-
´ Ö ¢µ²´µ¢ Ö ËÊ´±Í¨Ö Ψε(r) ≡ 〈r|ε〉. ‚µ²´µ¢ Ö ËÊ´±Í¨Ö Ψε É·¥Ì ¸¢µ¡µ¤´ÒÌ
Î ¸É¨Í ¶µ¤Î¨´¥´  Ê· ¢´¥´¨Õ ˜·¥¤¨´£¥· 

(H0(r) − E)Ψε(r) = 0 , (201)

£¤¥ Î¨¸²µ¢µ° ¶ · ³¥É· E ¨³¥¥É ¸³Ò¸² ¶µ²´µ° Ô´¥·£¨¨,   ¸¢µ¡µ¤´Ò° É·¥ÌÎ -
¸É¨Î´Ò° £ ³¨²ÓÉµ´¨ ´ H0 ¢ ¶·¥¤¸É ¢²¥´¨¨ |r〉 = |x,y〉 Ô±¢¨¢ ²¥´É¥´ ¸Ê³³¥
¤¢ÊÌ µ¶¥· Éµ·µ¢ ‹ ¶² ¸ :

H0(x,y) ≡ −4x −4y , 4q ≡
3∑

µ=1

∂2
qµ
, q = x,y . (202)
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‡¤¥¸Ó ¨ ¤ ²¥¥ ¤²Ö Ö¸´µ¸É¨ ¢ ¸±µ¡± Ì §  ¸¨³¢µ²µ³ · ¸¸³ É·¨¢ ¥³µ£µ µ¶¥· Éµ· 
Ê± §Ò¢ ¥³ ¶·¨ ´¥µ¡Ìµ¤¨³µ¸É¨ ¶¥·¥³¥´´Ò¥, ´  ±µÉµ·Ò¥ µ´ ¤¥°¸É¢Ê¥É.

�¥·¥Î¨¸²¨³ ¤·Ê£¨¥ Î ¸Éµ ¨¸¶µ²Ó§Ê¥³Ò¥ ¶·¥¤¸É ¢²¥´¨Ö £ ³¨²ÓÉµ´¨ ´ 
H0. ˆ¸¶µ²Ó§µ¢ ¢ µ¶·¥¤¥²¥´¨Ö µ¶¥· Éµ·µ¢ Ê£²µ¢ÒÌ ³µ³¥´Éµ¢ (36) ¨ (37),
³µ¦´µ ¶¥·¥¶¨¸ ÉÓ £ ³¨²ÓÉµ´¨ ´ (202) ¢ ¢¨¤¥ ¸Ê³³Ò µ¶¥· Éµ·µ¢, ¤¥°¸É¢ÊÕ-
Ð¨Ì ´  ³µ¤Ê²¨ ¢¥±Éµ·µ¢ x, y ¨ ¨Ì ¸Ë¥·¨Î¥¸±¨¥ Ê£²Ò, ²¨¡µ ´  £¨¶¥·· ¤¨Ê¸ r
¨ £¨¶¥·¸Ë¥·¨Î¥¸±¨¥ Ê£²Ò Ω:

H0(x,y) = −x−2∂x(x
2∂x)− y−2∂y(y

2∂y) + x−2l2x(x̂) + y−2l2y(ŷ) , (203)

H0(r,Ω) = −r−5∂r(r
5∂r) + r−2L2(Ω) . (204)

ˆ¸¶µ²Ó§µ¢ ¢ ÔÉ¨ ¶·¥¤¸É ¢²¥´¨Ö ¨ ¸¢µ°¸É¢  (89) µ¶¥· Éµ·  L2, ´¥¸²µ¦´µ ¶µ± -
§ ÉÓ, ÎÉµ ¤²Ö ²Õ¡µ° ËÊ´±Í¨¨ Q ¶¥·¥³¥´´ÒÌ x, y; r, ϕ ¨²¨ r ¢¥·´Ò ¸²¥¤ÊÕÐ¨¥
· ¢¥´¸É¢ :

H0(x,y) (xy)−1Y`mab (x̂, ŷ)Q(x, y) = −(xy)−1Y`mab (x̂, ŷ)H̃0ab(x, y)Q(x, y),

H̃0ab(x, y) ≡ ∂2
x + ∂2

y − a(a+ 1)y−2 − b(b+ 1)x−2 ; (205)

H0(r,Ω)(xy)−1Y`mab (x̂, ŷ)Q(r, ϕ) = (xy)−1Y`mab (x̂, ŷ)H̃0ab(r, ϕ)Q(r, ϕ),

H̃0ab(r, ϕ) ≡ ∂2
r + r−1∂r − r−2L̃2

ab(ϕ) ; (206)

H0(r,Ω)(xy)−1Y `mLab(Ω)Q(r) = −r−2 Y `mLab(Ω)H̃0L(r)Q(r) , (207)

H̃0L(r) ≡ ∂2
r + r−1∂r − r−2(L+ 2)2 .

�¶¨Ï¥³ ¤¢  ¸¶µ¸µ¡  · §¤¥²¥´¨Ö ¶¥·¥³¥´´ÒÌ ¢ Ê· ¢´¥´¨¨ (201) ¨ ¥£µ
Î ¸É´Ò¥ ¨ µ¡Ð¨¥ ·¥Ï¥´¨Ö. ‚ ¸¨²Ê · ¢¥´¸É¢ (25), (36), (37), (202) ¨ (204)

[H0, Q]− = 0 , Q = l2, l3, l
2
x, l

2
y,L

2, P1, P2, P, T . (208)

�² £µ¤ ·Ö ÔÉ¨³ ±µ³³ÊÉ Í¨µ´´Ò³ ¸µµÉ´µÏ¥´¨Ö³, ¸µ¡¸É¢¥´´Ò¥ ËÊ´±Í¨¨ µ¶¥-
· Éµ·µ¢ l2, l3 ¨ P Ö¢²ÖÕÉ¸Ö ¸µ¡¸É¢¥´´Ò³¨ ¨ ¤²Ö µ¶¥· Éµ·  H0. �µÔÉµ³Ê
·¥Ï¥´¨¥ Ψε Ê· ¢´¥´¨Ö (201) ¸ ´ ¡µ·µ³ ±¢ ´Éµ¢ÒÌ Î¨¸¥² ε = (`,m, σ) ¨Ð¥³
¢ ¢¨¤¥ ËÊ´±Í¨¨ (84), ¶µ¤Î¨´¥´´µ° Ê¸²µ¢¨Ö³ (85) ¨ ¶·¥¤¸É ¢²¥´´µ° ¡¨¸Ë¥·¨-
Î¥¸±¨³ ·Ö¤µ³ (86). ‡ ³¥´¨³ ¨³ ËÊ´±Í¨Õ Ψε ¢ Ê· ¢´¥´¨¨ (201). ˆ¸¶µ²Ó§µ¢ ¢
· ¢¥´¸É¢  (206), ¸¶·µ¥±É¨·Ê¥³ ¶µ²ÊÎ¥´´µ¥ Ê· ¢´¥´¨¥ ´  ¡¨¸Ë¥·¨Î¥¸±¨° ¡ -
§¨¸. ’µ£¤  ¤²Ö ¨¸±µ³ÒÌ ¡¨¸Ë¥·¨Î¥¸±¨Ì ±µ³¶µ´¥´É U `ab ¶µ²ÊÎ¨³ ¡¥¸±µ´¥Î´ÊÕ
¸¨¸É¥³Ê ´¥§ Í¥¶²ÖÕÐ¨Ì¸Ö ¶µ ¨´¤¥±¸ ³ a ¨ b Ê· ¢´¥´¨°:(

H̃0ab(r, ϕ) + E
)
U `ab(r, ϕ) = 0 . (209)
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ˆ¸±µ³µ¥ ·¥Ï¥´¨¥ U `ab, (−1)a+b = σ, ± ¦¤µ£µ É ±µ£µ Ê· ¢´¥´¨Ö § ³¥´¨³ ¥£µ
·Ö¤µ³ (88) ¶µ ¡ §¨¸´Ò³ ËÊ´±Í¨Ö³ W̃Lab. �µ²ÊÎ¨¢Ï¥¥¸Ö Ê· ¢´¥´¨¥ ¸¶·µ¥±-
É¨·Ê¥³, ¨¸¶µ²Ó§µ¢ ¢ ¸¢µ°¸É¢µ (82) µ¶¥· Éµ·  L̃2

ab, ´  É ±µ° ¡ §¨¸. ’µ£¤  ¤²Ö
± ¦¤µ° ´¥¨§¢¥¸É´µ° ËÊ´±Í¨¨ U `Lab, L = a+b, a+b+2, ..., ¶µ²ÊÎ¨³ Ê· ¢´¥´¨¥

(H̃0L(r) + E)U `Lab(r) = 0 . (210)

‘¢¥¤¥³ ¥£µ ¶µ¤¸É ´µ¢±µ°

z =
√
Er, ν = L+ 2 , U `Lab(r) = Zν(z)

± ± ´µ´¨Î¥¸±µ³Ê Ê· ¢´¥´¨Õ ¤²Ö Í¨²¨´¤·¨Î¥¸±¨Ì ËÊ´±Í¨° �¥¸¸¥²Ö [6]:(
z2∂2

z + z∂z + z2 − ν2
)
Zν(z) = 0 . (211)

�Éµ Ê· ¢´¥´¨¥,   §´ Î¨É ¨ ¨¸Ìµ¤´µ¥ Ê· ¢´¥´¨¥ (210), ¨³¥¥É ´¥É·¨¢¨ ²Ó´µ¥
·¥£Ê²Ö·´µ¥ ·¥Ï¥´¨¥ JL+2 Éµ²Ó±µ ¶·¨ E > 0. ‘²¥¤µ¢ É¥²Ó´µ, ¶·¨ ²Õ¡ÒÌ
¤µ¶Ê¸É¨³ÒÌ ¨´¤¥±¸ Ì a, b ¨ L

U `Lab(r) = JL+2(
√
Er) , E > 0 , (212)

  µ¡Ð¥¥ ·¥£Ê²Ö·´µ¥ ·¥Ï¥´¨¥ U `ab Ê· ¢´¥´¨Ö (210) µ¶¨¸Ò¢ ¥É¸Ö · ¢¥´¸É¢ ³¨

U `ab(r, ϕ) =

{
0, E < 0∑

L

CLJL+2(
√
Er) W̃Lab(ϕ), E > 0 , (213)

£¤¥ CL Å ¶·µ¨§¢µ²Ó´Ò¥ Î¨¸² . �µ ¶µ¸É·µ¥´¨Õ ·¥Ï¥´¨Õ (212) Ê· ¢´¥´¨Ö (210)
µÉ¢¥Î ¥É ¸µ¡¸É¢¥´´ Ö ËÊ´±Í¨Ö µ¶¥· Éµ·  H0 ¨ ¢¸¥Ì ±µ³³ÊÉ¨·ÊÕÐ¨Ì ¸ ´¨³
µ¶¥· Éµ·µ¢ (208):

Ψε
0(r) = r−2 JL+2(

√
Er)Y `mLab(Ω) , ε = (L, a, b, `,m, σ) . (214)

‹¨´¥°´ Ö ±µ³¡¨´ Í¨Ö É ±¨Ì ËÊ´±Í¨° ¸µ ¢¸¥³¨ ¢µ§³µ¦´Ò³¨ ¨´¤¥±¸ ³¨ L, a
¨ b Å ¨¸±µ³µ¥ ·¥Ï¥´¨¥ Ψε, ε = (`,m, σ), Ê· ¢´¥´¨Ö (201).

ˆÉ ±, ¢ ¸¢µ¡µ¤´µ³ Ê· ¢´¥´¨¨ ˜·¥¤¨´£¥·  (201) ³µ¦´µ ¶µ¸²¥¤µ¢ É¥²Ó´µ
µÉ¤¥²¨ÉÓ ¶¥·¥³¥´´Ò¥ x̂, ŷ µÉ ¶¥·¥³¥´´ÒÌ r, ϕ,   § É¥³ ¨ ¶¥·¥³¥´´Ò¥ r ¨ ϕ
¤·Ê£ µÉ ¤·Ê£ . � §¤¥²¥´¨¥ ¶¥·¥³¥´´ÒÌ ¤µ¸É¨£ ¥É¸Ö ¶·µ¥±É¨·µ¢ ´¨¥³ ¨¸Ìµ¤-
´µ£µ Ê· ¢´¥´¨Ö ´  ¡¨¸Ë¥·¨Î¥¸±¨° ¡ §¨¸ ¨ ¶µ¸²¥¤ÊÕÐ¨³ §  ´¨³ ¶·µ¥±É¨·µ¢ -
´¨¥³ ± ¦¤µ£µ ¶µ²ÊÎ¨¢Ï¥£µ¸Ö Ê· ¢´¥´¨Ö (209) ´  ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ¡ §¨¸ ¨§
ËÊ´±Í¨° W̃Lab.

�²ÓÉ¥·´ É¨¢´Ò°, ´µ Ô±¢¨¢ ²¥´É´Ò° ¸¶µ¸µ¡ µ¸´µ¢ ´ ´  ¨¸¶µ²Ó§µ¢ ´¨¨ ¤²Ö
¨¸±µ³µ° ËÊ´±Í¨¨ Ψε, ε = (`,m, σ), £¨¶¥·¸Ë¥·¨Î¥¸±µ£µ  ´§ Í  (84), (87) ¨
¸µ¸Éµ¨É ¢ µ¤´µÔÉ ¶´µ³ · §¤¥²¥´¨¨ ¶¥·¥³¥´´ÒÌ Ω µÉ r ¶ÊÉ¥³ ¶·µ¥±É¨·µ¢ ´¨Ö



1616 �“�›˜…‚ ‚.‚.

Ê· ¢´¥´¨Ö (201) ¸· §Ê ´  £¨¶¥·¸Ë¥·¨Î¥¸±¨° ¡ §¨¸. ‘ ¶µ³µÐÓÕ Ëµ·³Ê² (207)
´¥É·Ê¤´µ ¶·µ¢¥·¨ÉÓ, ÎÉµ ¢ ·¥§Ê²ÓÉ É¥ É ±µ£µ ¶·µ¥±É¨·µ¢ ´¨Ö ¤²Ö ¨¸±µ³ÒÌ
£¨¶¥·¸Ë¥·¨Î¥¸±¨Ì ±µ³¶µ´¥´É U `Lab ¶µ²ÊÎ ÕÉcÖ É¥ ¦¥ ¸ ³Ò¥ Ê· ¢´¥´¨Ö (210),
ÎÉµ ¨ ¢ · ´¥¥ µ¶¨¸ ´´µ³ ¸¶µ¸µ¡¥.

ˆ§¢¥¸É´µ [14,19], ÎÉµ ³´µ¦¥¸É¢µ ËÊ´±Í¨° (214) ¸µ ¢¸¥³¨ ¢µ§³µ¦´Ò³¨
±µ³¶µ´¥´É ³¨ ³Ê²ÓÉ¨¨´¤¥±¸  ε Ö¢²Ö¥É¸Ö ËÊ´¤ ³¥´É ²Ó´µ° ¸¨¸É¥³µ° ·¥£Ê²Ö·-
´ÒÌ ·¥Ï¥´¨° (”‘�) ¸¢µ¡µ¤´µ£µ Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥· : ²Õ¡µ¥ ¤·Ê£µ¥ ·¥-
£Ê²Ö·´µ¥ ·¥Ï¥´¨¥ ¶·¥¤¸É ¢¨³µ ¢ ¢¨¤¥ ±µ´¥Î´µ° ¨²¨ ¡¥¸±µ´¥Î´µ° ²¨´¥°´µ°
±µ³¡¨´ Í¨¨ ËÊ´±Í¨° (214) ¨ ¶·µ¨§¢µ²Ó´ÒÌ Î¨¸²µ¢ÒÌ ±µÔËË¨Í¨¥´Éµ¢. � -
¶·¨³¥·, ·¥Ï¥´¨¥, µ¶¨¸Ò¢ ÕÐ¥¥ ¶²µ¸±ÊÕ ¢µ²´Ê ¨ µÉ¢¥Î ÕÐ¥¥ ´ ¡µ·Ê ¸µÌ· -
´ÖÕÐ¨Ì¸Ö ±¢ ´Éµ¢ÒÌ Î¨¸¥² ε = (p,q) ¨§ Ï¥¸É¨ ±µµ·¤¨´ É ¤¢ÊÌ É·¥Ì³¥·´ÒÌ
¨³¶Ê²Ó¸µ¢ · ¸¸¥Ö´¨Ö p ¨ q, ¶·¥¤¸É ¢¨³µ ¢ ¢¨¤¥ [25]

Ψp,q
0 (r) = exp(i(p · x) (q · y)) =

8π3

E

∑
`m

∑
ab

∑
L

iL
(
Y `mLab(Ωs)

)∗ ×
× r−2 JL+2(

√
Er)Y `mLab(Ω) , s ≡ (p,q) , E = p2 + q2 . (215)

3.2. Œ É·¨Î´µ¥ ¶·¥¤¸É ¢²¥´¨¥ µ¶¥· Éµ·µ¢ ¢§ ¨³µ¤¥°¸É¢¨Ö. ˆ§¢¥¸É´Ò°
¸¶µ¸µ¡ ¨§ÖÐ´µ£µ ·¥Ï¥´¨Ö § ¤ Î¨ ¶·µ¥±É¨·µ¢ ´¨° µ¶¥· Éµ·´ÒÌ ¸µµÉ´µÏ¥-
´¨° ´  Ê£²µ¢Ò¥ ¡ §¨¸Ò µ¸´µ¢ ´ ´  ¨¸¶µ²Ó§µ¢ ´¨¨ ³ É·¨Î´ÒÌ ¶·¥¤¸É ¢²¥´¨°
µ¶¥· Éµ·µ¢. �·¨¢¥¤¥³ ¨ ¶·µ±µ³³¥´É¨·Ê¥³ É ±¨¥ ¶·¥¤¸É ¢²¥´¨Ö ¤²Ö ¤¢ÊÌ É¨-
¶µ¢ ¶ ·´ÒÌ µ¶¥· Éµ·µ¢ ¢§ ¨³µ¤¥°¸É¢¨Ö Vi(ri), i = 1, 2, 3, ¤¥°¸É¢ÊÕÐ¨Ì ¢
¶·µ¸É· ´¸É¢¥ R6 Éµ²Ó±µ ´  µÉ´µ¸¨É¥²Ó´Ò¥ ±µµ·¤¨´ ÉÒ xi ¸µµÉ¢¥É¸É¢ÊÕÐ¥°
¶ ·Ò Î ¸É¨Í ¸ ´µ³¥· ³¨ j ¨ k.

� ¶µ³´¨³ µÉ´µ¸¨É¥²Ó´Ò¥ ¶µ´ÖÉ¨Ö ¸µ¡¸É¢¥´´µ£µ (´¥¸µ¡¸É¢¥´´µ£µ) ±µµ·-
¤¨´ É´µ£µ ¶·¥¤¸É ¢²¥´¨Ö ¨ Ê£²µ¢µ£µ ¡ §¨¸ . Šµµ·¤¨´ É´µ¥ ¶·¥¤¸É ¢²¥´¨¥ 〈ri|
¨²¨ ¸¨¸É¥³  ±µµ·¤¨´ É ri ´ §Ò¢ ¥É¸Ö ¸µ¡¸É¢¥´´Ò³ ¤²Ö ´¥±µÉµ·µ£µ µ¶¥· Éµ· 
Vi ¨²¨ ËÊ´±Í¨¨ Ψi, ¶µ³¥Î¥´´ÒÌ µ¤¨´ ±µ¢Ò³ ¨´¤¥±¸µ³ i. „¢  ¤·Ê£¨Ì ¶·¥¤-
¸É ¢²¥´¨Ö 〈rk|, k 6= i, ¡Ê¤ÊÉ ´¥¸µ¡¸É¢¥´´Ò³¨ ¤²Ö É ±µ£µ µ¶¥· Éµ·  ¨²¨ É ±µ°
ËÊ´±Í¨¨. �´ ²µ£¨Î´µ µ¶·¥¤¥²ÖÕÉ¸Ö ¸µ¡¸É¢¥´´Ò¥ ¨ ´¥¸µ¡¸É¢¥´´Ò¥ Ê£²µ¢Ò¥
¡ §¨¸Ò: Ê£²µ¢µ° ¡ §¨¸, ¸µ¸É ¢²¥´´Ò° ¨§ ËÊ´±Í¨°  ·£Ê³¥´Éµ¢ ri (rk), ´ §Ò¢ -
¥É¸Ö ¸µ¡¸É¢¥´´Ò³ (´¥¸µ¡¸É¢¥´´Ò³) ¤²Ö Vi ¨²¨ Ψi.

�¨¦¥ ¤²Ö ±· É±µ¸É¨ µ¶Ê¸É¨³ ¨´¤¥±¸Ò i ¨ k, ¶·¥¤¸É ¢²¥´¨¥ 〈r| ≡ 〈ri| ¨²¨
〈r′| ≡ 〈rk| ¸Î¨É ¥³ ¸µ¡¸É¢¥´´Ò³ ¨²¨ ´¥¸µ¡¸É¢¥´´Ò³.

�¶¥· Éµ· V (r), ¤¥°¸É¢ÊÕÐ¨° ¢ ¸µ¡¸É¢¥´´µ³ ±µµ·¤¨´ É´µ³ ¶·¥¤¸É ¢²¥-
´¨¨ 〈r| ´  ¶·µ¨§¢µ²Ó´ÊÕ ËÊ´±Í¨Õ Ψ(r) ± ± µ¶¥· Éµ· µ¡ÒÎ´µ£µ Ê³´µ¦¥-
´¨Ö ´  ËÊ´±Í¨Õ-¶µÉ¥´Í¨ ² V (x), ´ §Ò¢ ÕÉ Í¥´É· ²Ó´Ò³ ¨²¨ ¸Ë¥·¨Î¥¸±¨-
¸¨³³¥É·¨Î´Ò³ ¶ ·´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³ [10]. ‚ R6 µ¶¥· Éµ· V (r) ´¥ ¤¥°-
¸É¢Ê¥É ´  ¶¥·¥³¥´´Ò¥ y,   ËÊ´±Í¨Ö V (x) ´¥ § ¢¨¸¨É µÉ Ê£²µ¢ x̂. �µÔÉµ³Ê
´¥´Ê²¥¢Ò¥ Ô²¥³¥´ÉÒ ³ É·¨Í µ¶¥· Éµ·  V (r) ¢ ¥£µ ¸µ¡¸É¢¥´´ÒÌ Ê£²µ¢ÒÌ ¡ -
§¨¸ Ì § ¤ ÕÉ¸Ö Ëµ·³Ê² ³¨

〈bβ|V (r)|bβ〉 = 〈`mab|V (r)|`mab〉 = V (x) , (216)
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〈L`mab|V (r)|L′`mab〉 = 〈Lãb|V (r cosϕ)|L′ãb〉 =

=

∫ π/2

0

dϕ W̃Lab(ϕ)V (r cosϕ)W̃L′ab(ϕ) ≡ V LL
′

ab (r) .

ˆ¸¶µ²Ó§µ¢ ¢ ÔÉ¨ ¶· ¢¨²  µÉ¡µ·  ¨ Ê£²µ¢Ò¥ ¡· - ¨ ±¥É-µ¶¥· Éµ·Ò, µ¶·¥¤¥-
²¥´´Ò¥ · ¢¥´¸É¢ ³¨ (63)Ä(65), § ¶¨Ï¥³ Í¥´É· ²Ó´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ¢ ¢¨¤¥
¡¥¸±µ´¥Î´µ° ¸Ê³³Ò b-¢µ²´µ¢ÒÌ µ¶¥· Éµ·µ¢ V b:

V (r) =

∞∑
b=0

V b(r) , (217)

V b(r) =

b∑
β=−b

|Ybβ(x̂)〉V (x) 〈Ybβ(x̂)| , (218)

V b(r) =
∑
`m

∑
a

|Y`mab (x̂, ŷ)〉V (x) 〈Y`mab (x̂, ŷ)| , (219)

V b(r) =
∑
`m

∑
a

∑
LL′

|Y `mLab(Ω)〉V LL
′

ab (r) 〈Y `mL′ab(Ω)| . (220)

Š ± ¸²¥¤Ê¥É ¨§ ³ É·¨Î´ÒÌ ¶·¥¤¸É ¢²¥´¨° (218)Ä(220), ± ¦¤Ò° µ¶¥· Éµ· V b ´¥
Ö¢²Ö¥É¸Ö ¶·µ¥±Éµ·µ³ (V bV b 6= I), ´µ µ¡² ¤ ¥É ¶·µ¥±Í¨µ´´Ò³¨ ¸¢µ°¸É¢ ³¨:(

V b(r)− δbb′V (x)
)
|Qb′β〉 = 0, ∀|Qb′β〉 = |b′β〉, |`ma′b′〉, |L`mab′〉, (221)

¨ ¶µÔÉµ³Ê µÉµ¡· ¦ ¥É ¶·µ¨§¢µ²Ó´ÊÕ ËÊ´±Í¨Õ Ψ(r) ¢ ¸µ¡¸É¢¥´´ÊÕ ËÊ´±Í¨Õ
µ¶¥· Éµ·  l2x, µÉ¢¥Î ÕÐÊÕ ¥£µ ¸µ¡¸É¢¥´´µ³Ê §´ Î¥´¨Õ b(b+ 1).

‚ Ö¤¥·´µ° Ë¨§¨±¥ µ¶¥· Éµ·Ò V b ¸ ¨´¤¥±¸µ³ b = 0, 1 ´ §Ò¢ ÕÉ¸Ö S- ¨
P -¢µ²´µ¢Ò³¨ ¢§ ¨³µ¤¥°¸É¢¨Ö³¨. ‚ ·Ö¤ Ì (218)Ä(220) ¤²Ö S- ¨ P -¢µ²´µ¢ÒÌ
¢§ ¨³µ¤¥°¸É¢¨° a = `, b = 0 ¨, ¸µµÉ¢¥É¸É¢¥´´µ, a = `, `± 1, b = 1.

3.3. ‘É·µ¥´¨¥ ¨ Ê£²µ¢µ°  ´ ²¨§ Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥· . “· ¢´¥´¨¥
˜·¥¤¨´£¥·  ¤²Ö ¢µ²´µ¢µ° ËÊ´±Í¨¨ Ψε ¸µ¸ÉµÖ´¨Ö |ε〉 É·¥Ì Î ¸É¨Í ¸ ¶ ·-
´Ò³¨ ¢§ ¨³µ¤¥°¸É¢¨Ö³¨ Vi µ¡ÒÎ´µ ¶·¨¢µ¤¨É¸Ö ¢ ±µ³¶ ±É´µ° (µ¶¥· Éµ·´µ°)
Ëµ·³¥ [10]:

(H − E)Ψε = 0 , H ≡ H0 + V , V ≡
3∑

k=1

Vk, (222)

¨ ¶µ¤· §Ê³¥¢ ¥É¸Ö, ÎÉµ ¢¸¥ ¶ ·´Ò¥ ¢§ ¨³µ¤¥°¸É¢¨Ö § ¤ ´Ò ¢ ¸¢µ¨Ì ¸µ¡¸É¢¥´-
´ÒÌ ±µµ·¤¨´ É Ì,   ¢¸¥ µ¶¥· Éµ·Ò ¨ ¨¸±µ³µ¥ ·¥Ï¥´¨¥ Ψε Å ¢ ± ±µ³-Éµ
µ¤´µ³ ±µµ·¤¨´ É´µ³ ¶·¥¤¸É ¢²¥´¨¨ 〈ri|. Ÿ¸´µ, ÎÉµ ¶·¨ ²Õ¡µ³ ¢Ò¡µ·¥ µ¤-
´µ£µ ¨§ É·¥Ì É ±¨Ì ¶·¥¤¸É ¢²¥´¨° µ´µ µ± §Ò¢ ¥É¸Ö ´¥¸µ¡¸É¢¥´´Ò³ ¤²Ö ¤¢ÊÌ
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¢§ ¨³µ¤¥°¸É¢¨°,   ¨³¥´´µ ¤²Ö Vj ¨ Vk . �µÖ¸´¨³, ¶µÎ¥³Ê ÔÉµ ´¥¶·¥µ¤µ²¨³µ¥
¢ · ³± Ì Ï·¥¤¨´£¥·µ¢¸±µ° ¶µ¸É ´µ¢±¨ § ¤ Î¨ É·¥Ì Î ¸É¨Í µ¡¸ÉµÖÉ¥²Ó¸É¢µ
¸ÊÐ¥¸É¢¥´´µ § É·Ê¤´Ö¥É  ´ ²¨É¨Î¥¸±µ¥ ¨¸¸²¥¤µ¢ ´¨¥ ¤ ´´µ° § ¤ Î¨. ‘ ÔÉµ°
Í¥²ÓÕ · ¸¸³µÉ·¨³ ¸²ÊÎ ° Í¥´É· ²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°.

‡ ¶¨Ï¥³ Ê· ¢´¥´¨¥ (222), ÊÎ¨ÉÒ¢ Ö µ¡Ð¥¶·¨´ÖÉÒ¥ ¨ ¶¥·¥Î¨¸²¥´´Ò¥ ¢ÒÏ¥
¶· ¢¨²  ¨ µ¶·¥¤¥²¥´¨¥ (26) µ¶¥· Éµ·  K(γ). ’µ£¤  ¢ ¶·µ¸É· ´¸É¢¥ R6 ¶µ²Ê-
Î¨³ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ Ê· ¢´¥´¨¥ ˜·¥¤¨´£¥·  ¢ ¥£µ ± ´µ´¨Î¥¸±µ° Ëµ·³¥:H0(xi,yi) + Vi(xi)− E +

∑
k 6=i

K(γki)Vk(xi)

 Ψε(ri) = 0 . (223)

‡¤¥¸Ó Vi(xi) Å ËÊ´±Í¨Ö É·¥Ì  ·£Ê³¥´Éµ¢ xi,   ¤¢  ±¨´¥³ É¨Î¥¸±¨Ì µ¡· §  Å
ËÊ´±Í¨¨ Ï¥¸É¨ ¶¥·¥³¥´´ÒÌ ri:

K(γki)Vk(xi) = Vk(xk(ri)) , k 6= i . (224)

ˆ³¥´´µ ¨§-§  É ±µ° ËÊ´±Í¨µ´ ²Ó´µ° § ¢¨¸¨³µ¸É¨ ¶µ¸É·µ¨ÉÓ ÉµÎ´µ¥ ·¥Ï¥-
´¨¥ ¨¸Ìµ¤´µ£µ Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥·  (223) ´¥ É ± ¶·µ¸Éµ ¤ ¦¥ ¢ ¸²ÊÎ ¥
¶ ·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°, µ¶¨¸Ò¢ ¥³ÒÌ ¢ ¸µ¡¸É¢¥´´ÒÌ ±µµ·¤¨´ É Ì Ô²¥³¥´-
É ·´Ò³¨ ËÊ´±Í¨Ö³¨.

� ¶µ³´¨³, ÎÉµ ³¥Ï ¥É ¶µ¸É·µ¥´¨Õ ÉµÎ´µ£µ ·¥Ï¥´¨Ö ³¥Éµ¤µ³ · §¤¥²¥´¨Ö
¶¥·¥³¥´´ÒÌ. ‚ ¸²ÊÎ ¥ Í¥´É· ²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¶µ²´Ò° £ ³¨²ÓÉµ´¨ ´ H
Ê¤µ¢²¥É¢µ·Ö¥É ¸µµÉ´µÏ¥´¨Ö³

[H,Q]− = 0, Q = l2, l3, P ; [H, q]− 6= 0, q = L2, l2x, l
2
y , (225)

¶µÔÉµ³Ê ¸µÌ· ´Ö¥É¸Ö ´ ¡µ· ±¢ ´Éµ¢ÒÌ Î¨¸¥² ε = (`,m, σ) ¨ ¤²Ö ¨¸±µ³µ°
ËÊ´±Í¨¨ Ψε ¢¥·´Ò ¶·¥¤¸É ¢²¥´¨Ö (84)Ä(86). ‚ Ê· ¢´¥´¨¨ (223) § ³¥´¨³
ËÊ´±Í¨Õ Ψε, ±¨´¥³ É¨Î¥¸±¨¥ µ¡· §Ò (224) ¨ ¢§ ¨³µ¤¥°¸É¢¨¥ Vi(xi) ¨Ì ¡¨-
¸Ë¥·¨Î¥¸±¨³¨ ·Ö¤ ³¨, § ¶¨¸ ´´Ò³¨ ¢ ¶·¥¤¸É ¢²¥´¨¨ 〈ri| ¶µ ¸µµÉ¢¥É¸É¢ÊÕ-
Ð¨³ ¶· ¢¨² ³ (86), (129) ¨ (219). ˆ¸¶µ²Ó§µ¢ ¢ · ¢¥´¸É¢  (119), (120) ¨
(206), ¸¶·µ¥±É¨·Ê¥³ ¶µ²ÊÎ¨¢Ï¥¥¸Ö Ê· ¢´¥´¨¥ ´  ¥£µ ¸µ¡¸É¢¥´´Ò° ¡¨¸Ë¥·¨-
Î¥¸±¨° ¡ §¨¸ ¨§ ËÊ´±Í¨° Y`mab (x̂i, ŷi). ’µ£¤  ¤²Ö ´¥¨§¢¥¸É´ÒÌ ¡¨¸Ë¥·¨Î¥¸±¨Ì
±µ³¶µ´¥´É U `ab ¶µ²ÊÎ¨³ ¸¨¸É¥³Ê ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨°:

(H̃0ab(r, ϕi)− Vi(r cosϕi) + E) U `ab(r, ϕi) =

=
∑
k 6=i

∑
a′b′

Γ`maba′b′

(∫ C+(ϕi,γik)

C−(ϕi,γik)

dϕkK
`
aba′b′(ϕi, ϕk; γki)Vk(r cosϕk)

)
U `ab(r, ϕi).

(226)
Š¨´¥³ É¨Î¥¸±¨¥ µ¡· §Ò (224) ¢ ¨Ì ´¥¸µ¡¸É¢¥´´µ³ ¡¨¸Ë¥·¨Î¥¸±µ³ ¡ §¨¸¥
¨³¥ÕÉ ´¥¤¨ £µ´ ²Ó´Ò¥ ³ É·¨ÍÒ. �µÔÉµ³Ê Î¨¸²µ Ê· ¢´¥´¨° ¸¨¸É¥³Ò (226)
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¡¥¸±µ´¥Î´µ ¶µ ¨´¤¥±¸ ³ a ¨ b,   ¸ ³¨ Ê· ¢´¥´¨Ö § Í¥¶²ÖÕÉ¸Ö ¶µ ¨´¤¥±¸ ³ a′

¨ b′, ¸µ¤¥·¦ É ±µÔËË¨Í¨¥´ÉÒ Γ`maba′b′ (¨´É¥£· ²Ò (120) µÉ É·¥Ì ¡¨¸Ë¥·¨Î¥¸±¨Ì
ËÊ´±Í¨°) ¨ ¤µ¸É ÉµÎ´µ ¸²µ¦´Ò¥ ¨´É¥£· ²Ò µÉ ¤¢ÊÌ ¶µÉ¥´Í¨ ²µ¢.

�¶¨Ï¥³ ´¥É· ¤¨Í¨µ´´Ò° ¸¶µ¸µ¡ ·¥¤Ê±Í¨¨ Ê· ¢´¥´¨Ö (223). �¶¥· Éµ·
H0, ËÊ´±Í¨Õ Ψε ¢ ¢Ò· ¦¥´¨¨ H0Ψ

ε ¨ µ¡  ¸µ³´µ¦¨É¥²Ö ¶·µ¨§¢¥¤¥´¨Ö ViΨε

§ ¶¨Ï¥³ ¢ ¶·¥¤¸É ¢²¥´¨¨ 〈ri|,   ¸µ³´µ¦¨É¥²¨ µ¡µ¨Ì (k 6= i) ¶·µ¨§¢¥¤¥´¨°
VkΨ

ε Å ¢ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¸µ¡¸É¢¥´´ÒÌ ¶·¥¤¸É ¢²¥´¨ÖÌ 〈rk|. ’µ£¤  ¶µ²ÊÎ¨³
Ê· ¢´¥´¨¥

(H0(xi,yi) + Vi(xi)− E ) Ψε(ri) +
∑
k 6=i

K(γki) (Vk(xk)Ψε(rk) ) = 0 . (227)

ˆ¸¶µ²Ó§ÊÖ  ´§ Í (84), (86) ¨ Ëµ·³Ê²Ò (130), (217)Ä(219), ¸¢µ¤¨³ ´¥¸É ´¤ ·É-
´µ¥ Ê· ¢´¥´¨¥ ˜·¥¤¨´£¥·  (227) ± ¸¨¸É¥³¥ Ê· ¢´¥´¨°

(H̃0ab(r, ϕi)− Vi(r cosϕi) + E) U `ab(r, ϕi) = (228)

=
∑
k 6=i

∑
a′b′

∫ C+(ϕi,γki)

C−(ϕi,γki)

dϕk
(
h`aba′b′(ϕi, ϕk; γki)Vk(r cosϕk)U

`
a′b′(r, ϕk)

)
.

�É¨ Ê· ¢´¥´¨Ö ¸µ¤¥·¦ É ¶µ¤ §´ ± ³¨ ¨´É¥£· ²µ¢ ¨ ¶µÉ¥´Í¨ ²Ò, ¨ ¨¸±µ³Ò¥
ËÊ´±Í¨¨ U `ab ¨ ¶µÔÉµ³Ê Ö¢²ÖÕÉ¸Ö ¥Ð¥ ¡µ²¥¥ ´¥Ê¤µ¡´Ò³¨ ¤²Ö ÉµÎ´µ£µ ·¥Ï¥-
´¨Ö, Î¥³ · ¸¸³µÉ·¥´´Ò¥ · ´¥¥ Ê· ¢´¥´¨Ö (226).

ˆ¸¶ÒÉ ¢ ¢¸¥ µÉ²¨Î´Ò¥ µÉ µ¶¨¸ ´´ÒÌ ¢ÒÏ¥ ¸¶µ¸µ¡Ò ¶·¥¤¸É ¢²¥´¨Ö ¸² -
£ ¥³ÒÌ µ¶¥· Éµ·´µ£µ Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥·  (222), ³µ¦´µ Ê¡¥¤¨ÉÓ¸Ö ¢ Éµ³,
ÎÉµ ¶·µ¥±É¨·µ¢ ´¨¥ ¶µ²ÊÎ ÕÐ¨Ì¸Ö ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ˜·¥¤¨´-
£¥·  ´  ¡¨¸Ë¥·¨Î¥¸±¨° ¡ §¨¸ ¶·¨¢µ¤¨É ± ¸¨¸É¥³ ³ ¨´É¥£·µ¤¨ËË¥·¥´Í¨ ²Ó-
´ÒÌ Ê· ¢´¥´¨°.

� ¸¸³µÉ·¨³ ¢ ¦´Ò° ¤²Ö Ö¤¥·´µ° Ë¨§¨±¨ ¸²ÊÎ ° É·¥Ì Éµ¦¤¥¸É¢¥´´ÒÌ Î -
¸É¨Í. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¢¸¥ Î ¸É¨ÍÒ ¨³¥ÕÉ µ¤¨´ ±µ¢Ò¥ ³ ¸¸Ò, ¶µ µ¶·¥¤¥²¥-
´¨Õ (4) ³µ¤Ê²¨ ¢¸¥Ì ±¨´¥³ É¨Î¥¸±¨Ì Ê£²µ¢ · ¢´Ò π/3,   ¢¸¥ ¶ ·´Ò¥ ¢§ ¨³µ-
¤¥°¸É¢¨Ö ¢ ¨Ì ¸µ¡¸É¢¥´´ÒÌ ¸¨¸É¥³ Ì ±µµ·¤¨´ É µ¶¨¸Ò¢ ÕÉ¸Ö µ¤´¨³ ¨ É¥³ ¦¥
µ¶¥· Éµ·µ³ V :

mi = m, |γki| = π/3, Vi(ri) = V (ri), ∀k 6= i = 1, 2, 3. (229)

�µ ¶·¨´Í¨¶Ê � Ê²¨ ¢µ²´µ¢ Ö ËÊ´±Í¨Ö Ψε ¤µ²¦´  ¡ÒÉÓ ( ´É¨)¸¨³³¥É·¨Î´µ°
µÉ´µ¸¨É¥²Ó´µ ²Õ¡ÒÌ ¶¥·¥¸É ´µ¢µ± Éµ¦¤¥¸É¢¥´´ÒÌ (Ë¥·³¨µ´µ¢) ¡µ§µ´µ¢:

S±Ψε(ri) = Ψε(ri) , i = 1, 2, 3. (230)

‡¤¥¸Ó §´ ± ³¨´Ê¸ ¨²¨ ¶²Õ¸ ¡¥·¥É¸Ö ¢ ¸²ÊÎ ¥ Ë¥·³¨µ´µ¢ ¨²¨, ¸µµÉ¢¥É¸É¢¥´´µ,
¡µ§µ´µ¢,   µ¶¥· Éµ·Ò S± µ¶·¥¤¥²¥´Ò · ¢¥´¸É¢ ³¨ (52) ¨ (53).
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�·¨ ¤µ¶µ²´¨É¥²Ó´µ³ Ê¸²µ¢¨¨ (230) Éµ¦¤¥¸É¢¥´´µ¸É¨ ¸¨¸É¥³Ò Ê· ¢´¥-
´¨° ˜·¥¤¨´£¥·  (226) ¨²¨ (227) Ê¶·µÐ ÕÉ¸Ö ´¥¸ÊÐ¥¸É¢¥´´µ: ¢ ¸¨²Ê · -
¢¥´¸É¢ (229) ¢³¥¸Éµ · §´ÒÌ ³ É·¨Í ¢§ ¨³µ¤¥°¸É¢¨Ö ÔÉ¨ ¸¨¸É¥³Ò ¸µ¤¥·¦ É
²¨ÏÓ µ¤´Ê ³ É·¨ÍÊ V, µ¤´ ±µ µ¸É ÕÉ¸Ö ¸¨¸É¥³ ³¨ ¡¥¸±µ´¥Î´µ£µ · ´£ .

ˆÉ ±, Ê· ¢´¥´¨¥ ˜·¥¤¨´£¥·  ¸µ¤¥·¦¨É ¸Ê³³Ê ¢¸¥Ì ¶ ·´ÒÌ ¢§ ¨³µ¤¥°-
¸É¢¨°, ± ¦¤µ¥ ¨§ ±µÉµ·ÒÌ § ¤ ´µ ¶µ µ¶·¥¤¥²¥´¨Õ ¢ ¸¢µ¥³ ¸µ¡¸É¢¥´´µ³ ±µµ·-
¤¨´ É´µ³ ¶·¥¤¸É ¢²¥´¨¨. �·µ¥±É¨·µ¢ ´¨¥ Ê· ¢´¥´¨Ö ¸ É ±µ° ¸É·Ê±ÉÊ·µ° ´ 
¡¨¸Ë¥·¨Î¥¸±¨° ¡ §¨¸ ¶·¨¢µ¤¨É ± ¡¥¸±µ´¥Î´Ò³ ¸¨¸É¥³ ³ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ
Ê· ¢´¥´¨° (226) ¸ £·µ³µ§¤±¨³¨ ±µÔËË¨Í¨¥´É ³¨ (120) ¨ ¨´É¥£· ² ³¨ µÉ ¶µ-
É¥´Í¨ ²µ¢ ²¨¡µ ± ¡¥¸±µ´¥Î´Ò³ ¸¨¸É¥³ ³ ¨´É¥£·µ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥-
´¨° É¨¶  (228). �ÉµÉ ¢Ò¢µ¤ µ¸É ¥É¸Ö ¸¶· ¢¥¤²¨¢Ò³ ¨ ¢ ¸²ÊÎ ¥ Éµ¦¤¥¸É¢¥´´ÒÌ
Î ¸É¨Í, ¨, ± ± ´¥¸²µ¦´µ Ê¡¥¤¨ÉÓ¸Ö, ¢ ¸²ÊÎ ¥ S-¢µ²´µ¢ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°.
‚µ ¢¸¥Ì ÔÉ¨Ì ¸²ÊÎ ÖÌ ¨ ¶µ Éµ° ¦¥ ¶·¨Î¨´¥ ´¥ ³¥´¥¥ £·µ³µ§¤±µ ¢Ò£²Ö¤ÖÉ
¸¨¸É¥³Ò ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨°, ¶µ²ÊÎ¥´´Ò¥ ¶·µ¥±É¨·µ¢ ´¨¥³ Ê· ¢-
´¥´¨Ö ˜·¥¤¨´£¥·  (223) ¨²¨ (227) ´  £¨¶¥·¸Ë¥·¨Î¥¸±¨° ¡ §¨¸.

�¥·¥Î¨¸²¥´´Ò¥ ¢ÒÏ¥ Ë ±ÉÒ ¶µ¤¸± §Ò¢ ÕÉ, ± ± ¸²¥¤Ê¥É ¶¥·¥Ëµ·³Ê²¨-
·µ¢ ÉÓ Ê· ¢´¥´¨¥ ˜·¥¤¨´£¥· , ÎÉµ¡Ò ¶µ²ÊÎ¨ÉÓ ¤¨ËË¥·¥´Í¨ ²Ó´ÊÕ § ¤ ÎÊ ¸
¡µ²¥¥ ¶·µ¸Éµ° ¸É·Ê±ÉÊ·µ°. �Éµ Ê· ¢´¥´¨¥ ´¥µ¡Ìµ¤¨³µ ¸¢¥¸É¨ ± ¸¨cÉ¥³¥ É·¥Ì
Ê· ¢´¥´¨°. Š ¦¤µ¥ Ê· ¢´¥´¨¥ ¤µ²¦´µ ¸µ¤¥·¦ ÉÓ Éµ²Ó±µ µ¤´µ ¢§ ¨³µ¤¥°¸É¢¨¥
Vi ¨ § ¶¨¸Ò¢ ÉÓ¸Ö ¢ ¸µ¡¸É¢¥´´µ³ ¤²Ö ÔÉµ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶·¥¤¸É ¢²¥´¨¨
〈ri|. �µ É ±µ³Ê ¶ÊÉ¨ ¡Ò²  ¶µ¸É·µ¥´  É¥µ·¨Ö ” ¤¤¥¥¢  [21].

3.4. ‘É·µ¥´¨¥ ¨ Ê£²µ¢µ°  ´ ²¨§ Ê· ¢´¥´¨° ” ¤¤¥¥¢ . �·µ ´ ²¨§¨·Ê¥³
¸É·µ¥´¨¥ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ” ¤¤¥¥¢  ¢ ¶·µ¸É· ´¸É¢¥ R6, ¶µ±  ´¥
´ ±² ¤Ò¢ Ö ± ±¨Ì-²¨¡µ µ£· ´¨Î¥´¨° ´  ³ ¸¸Ò Î ¸É¨Í ¨ ¢¨¤ ¶ ·´ÒÌ ¢§ ¨³µ-
¤¥°¸É¢¨°. Š²ÕÎ¥¢Ò³¨, ´µ ¤µ ¸¨Ì ¶µ· ´¥ ¨³¥ÕÐ¨³¨ ¶·µ§· Î´µ° Ë¨§¨Î¥¸±µ°
¨´É¥·¶·¥É Í¨¨, ³ É¥³ É¨Î¥¸±¨³¨ µ¡Ñ¥±É ³¨ É¥µ·¨¨ ” ¤¤¥¥¢  Ö¢²ÖÕÉ¸Ö É·¨
Ë ¤¤¥¥¢¸±¨¥ ±µ³¶µ´¥´ÉÒ:

Ψε
i ≡ G0(Z)Vi Ψ

ε+Ψε
i0, G0(Z) ≡ (H0−Z)−1, Z ≡ E+ i0, i = 1, 2, 3, (231)

¢µ²´µ¢µ° ËÊ´±Í¨¨ Ψε · ¸¸³ É·¨¢ ¥³µ£µ É·¥ÌÎ ¸É¨Î´µ£µ ¸µ¸ÉµÖ´¨Ö |ε〉:

Ψε =

3∑
k=1

Ψε
k. (232)

�É¨ ±µ³¶µ´¥´ÉÒ ¶µ¤Î¨´¥´Ò ¸¨¸É¥³¥ É·¥Ì (i = 1, 2, 3) µ¶¥· Éµ·´ÒÌ Ê· ¢´¥-
´¨°:

(H0 − E)Ψε
i = −Vi Ψε = −Vi

3∑
k=1

Ψε
k (233)

¨ µ¡² ¤ ÕÉ ¢ ¦´Ò³ ¸¢µ°¸É¢µ³. Š ± ¸²¥¤Ê¥É ¨§ · ¢¥´¸É¢ (231), ¥¸²¨ Ψε Å
¸µ¡¸É¢¥´´ Ö ËÊ´±Í¨Ö ´¥±µÉµ·µ£µ µ¶¥· Éµ· , ±µ³³ÊÉ¨·ÊÕÐ¥£µ ¸ H0 ¨ Vi, Éµ
Ψε
i ¡Ê¤¥É ¸µ¡¸É¢¥´´µ° ËÊ´±Í¨¥° ÔÉµ£µ ¦¥ µ¶¥· Éµ· . �¡· É´µ¥ ÊÉ¢¥·¦¤¥´¨¥
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´¥ ¢¸¥£¤  ¢¥·´µ: ¥¸²¨ Ψε
i Å ¸µ¡¸É¢¥´´ Ö ËÊ´±Í¨Ö ´¥±µÉµ·µ£µ µ¶¥· Éµ· ,

±µ³³ÊÉ¨·ÊÕÐ¥£µ ¸ H0 ¨ Vi, Éµ ËÊ´±Í¨Ö Ψε ³µ¦¥É µ± § ÉÓ¸Ö ´¥¸µ¡¸É¢¥´´µ°
¤²Ö ÔÉµ£µ ¦¥ µ¶¥· Éµ· .

‘µµÉ´µÏ¥´¨Ö (231)Ä(233) ¶·¥¤¸É ¢²ÖÕÉ¸Ö ¢ R6 ¶µ ¸²¥¤ÊÕÐ¥³Ê ¶· ¢¨²Ê:
± ¦¤ Ö Ë ¤¤¥¥¢¸± Ö ±µ³¶µ´¥´É  Ψε

i ¨ ¸ ³µ Ê· ¢´¥´¨¥, ¢ ²¥¢µ° Î ¸É¨ ±µÉµ·µ£µ
µ´  ¸µ¤¥·¦¨É¸Ö, § ¶¨¸Ò¢ ÕÉ¸Ö ¢ ¨Ì ¸µ¡¸É¢¥´´µ³ ¶·¥¤¸É ¢²¥´¨¨ 〈ri|. ˆÉ ±, ¢
R6 ±µ³¶µ´¥´ÉÒ Ψε

i µ¶·¥¤¥²ÖÕÉ¸Ö Ëµ·³Ê² ³¨

Ψε
i (ri) ≡ G0(ri;Z)Vi(ri)Ψε(ri) , i = 1, 2, 3, (234)

¸±² ¤Ò¢ ÕÉ¸Ö ¢ ¸Ê³³Ê (232) ¶µ ¶· ¢¨²Ê

Ψε(ri) = Ψε
i (ri) +

∑
k 6=i

K(γki)Ψ
ε
k(ri) (235)

¨ ¶µ¤Î¨´¥´Ò É·¥³ (i = 1, 2, 3) ¤¨ËË¥·¥´Í¨ ²Ó´Ò³ Ê· ¢´¥´¨Ö³:

(H0(ri)− E ) Ψε
i (ri) = −Vi(ri)

Ψε
i (ri) +

∑
k 6=i

K(γik)Ψ
ε
k(ri)

 . (236)

”¨§¨Î¥¸±¨¥ ·¥Ï¥´¨Ö ÔÉµ° ¸¨¸É¥³Ò ¨ÐÊÉ¸Ö ¢ ±² ¸¸¥ ËÊ´±Í¨° C2(R6), Ê¤µ-
¢²¥É¢µ·ÖÕÐ¨x µ¶·¥¤¥²¥´´Ò³ £· ´¨Î´Ò³ Ê¸²µ¢¨Ö³:

Ψε
i (ri)→ (xiyi)

−1Uasi (ri) , r →∞, (237)

£¤¥ Uasi Å ¨§¢¥¸É´ Ö ËÊ´±Í¨Ö, µÉ¢¥Î ÕÐ Ö ¨¸¸²¥¤Ê¥³µ° É·¥ÌÎ ¸É¨Î´µ° ±µ´-
Ë¨£Ê· Í¨¨: ¸¢Ö§ ´´µ³Ê ¸µ¸ÉµÖ´¨Õ ¨²¨ ¸µ¸ÉµÖ´¨Ö³ · ¸¸¥Ö´¨Ö.

‘²¥¤ÊÖ ±´¨£¥ [21], ´µ ¨¸¶µ²Ó§ÊÖ µ¶¥· Éµ·Ò K(γki), ´ ¶µ³´¨³, ± ± ¨
¶µÎ¥³Ê ¢ ¸²ÊÎ ¥ Éµ¦¤¥¸É¢¥´´ÒÌ Î ¸É¨Í ¸¨¸É¥³  É·¥Ì Ê· ¢´¥´¨° (236) ¸¢µ¤¨É¸Ö
± µ¤´µ³Ê Ê· ¢´¥´¨Õ.

�Ê¸ÉÓ ±·µ³¥ ´¥µ¡Ìµ¤¨³ÒÌ Ê¸²µ¢¨° Éµ¦¤¥¸É¢¥´´µ¸É¨ Î ¸É¨Í (229) ¨ ¶µ-
¸ÉÊ² É  � Ê²¨ (230) ¢Ò¶µ²´ÖÕÉ¸Ö · ¢¥´¸É¢ 

Ψε
i (ri) = S±jkΨ

ε
i (ri) , i = 1, 2, 3. (238)

�´¨ µ§´ Î ÕÉ, ÎÉµ ¶µ ¶µ¸É·µ¥´¨Õ ¤²Ö É·¥Ì (Ë¥·³¨µ´µ¢) ¡µ§µ´µ¢ ± ¦-
¤ Ö Ë ¤¤¥¥¢¸± Ö ±µ³¶µ´¥´É  Å ( ´É¨)¸¨³³¥É·¨Î´ Ö µÉ´µ¸¨É¥²Ó´µ µÉ· ¦¥´¨Ö
xi → −xi (¶¥·¥¸É ´µ¢±¨ Î ¸É¨Í ¸ ´µ³¥· ³¨ j ¨ k) ËÊ´±Í¨Ö. �µ¤¥°¸É¢Ê¥³
µ¶¥· Éµ·µ³ K(γki) ´  · ¢¥´¸É¢µ (234), µ¶·¥¤¥²ÖÕÐ¥¥ ±µ³¶µ´¥´ÉÊ Ψε

i . ’µ£¤ 
¨§-§  Ê¸²µ¢¨° ¸¨³³¥É·¨¨ (230) ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¨ Éµ¦¤¥¸É¢¥´´µ¸É¨ ¢§ ¨-
³µ¤¥°¸É¢¨° (229) ÔÉµ · ¢¥´¸É¢µ ¶¥·¥°¤¥É ¢ · ¢¥´¸É¢µ (234), µ¶·¥¤¥²ÖÕÐ¥¥
±µ³¶µ´¥´ÉÊ Ψε

k. ‡´ Î¨É, Éµ¦¤¥¸É¢¥´´µ¸ÉÓ Î ¸É¨Í ¶µ·µ¦¤ ¥É ¶·µ¸ÉÒ¥ ¸¢Ö§¨
³¥¦¤Ê Ë ¤¤¥¥¢¸±¨³¨ ±µ³¶µ´¥´É ³¨:

Ψi(rk) = K(γki)Ψk(ri). (239)



1622 �“�›˜…‚ ‚.‚.

�² £µ¤ ·Ö ¨³ ( ´É¨)¸¨³³¥É·¨Î´ Ö ¢µ²´µ¢ Ö ËÊ´±Í¨Ö (235) ¢Ò· ¦ ¥É¸Ö Î¥·¥§
¸¢µÕ ±µ³¶µ´¥´ÉÊ ¨ ±¨´¥³ É¨Î¥¸±¨¥ µ¡· §Ò ÔÉµ° ¦¥ ±µ³¶µ´¥´ÉÒ:

Ψε(ri) = SiΨ
ε
i (ri) = (I +

∑
k 6=i

K(γki))Ψε
i (ri) . (240)

‚ ¸¨²Ê ¸µµÉ´µÏ¥´¨° (229) ¨ (240) ¤²Ö Éµ¦¤¥¸É¢¥´´ÒÌ Ë¥·³¨µ´µ¢ ¨²¨ ¡µ§µ´µ¢
¢¸¥ É·¨ Ê· ¢´¥´¨Ö ¸¨¸É¥³Ò (236) ¶·¨´¨³ ÕÉ ËÊ´±Í¨µ´ ²Ó´µ µ¤¨´ ±µ¢Ò° ¢¨¤:

(H0(r)− E ) Ψε
i (r) = −V (r)SiΨ

ε
i (r) , (241)

£¤¥ r ≡ ri,   µ¶ÊÐ¥´´Ò° ¨´¤¥±¸ i ³µ¦¥É ¶·¨´¨³ ÉÓ ²Õ¡µ¥ ¨§ É·¥Ì §´ Î¥´¨°.
�¡¸Ê¤¨³ ¸ÊÐ¥¸É¢¥´´µ¥ · §²¨Î¨¥ ¢ ¸É·µ¥´¨¨ Ê· ¢´¥´¨° ˜·¥¤¨´£¥·  ¨

” ¤¤¥¥¢ . ‚ Ê· ¢´¥´¨¨ ˜·¥¤¨´£¥·  (223) ±¨´¥³ É¨Î¥¸±µ³Ê ¶·¥µ¡· §µ¢ ´¨Õ
¶µ¤¢¥·£ ÕÉ¸Ö ¤¢¥ ±µ³¶µ´¥´ÉÒ ¶µ²´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö, ¢ Éµ ¢·¥³Ö ± ± ¢ ± -
¦¤µ³ Ê· ¢´¥´¨¨ ” ¤¤¥¥¢  (236) É ±µ³Ê ¶·¥µ¡· §µ¢ ´¨Õ ¶µ¤¢¥·£ ÕÉ¸Ö ²¨ÏÓ
¤¢¥ ±µ³¶µ´¥´ÉÒ ¨¸±µ³µ° ¢µ²´µ¢µ° ËÊ´±Í¨¨. ’ ±µ¥ ¸É·µ¥´¨¥ Ê· ¢´¥´¨° ” ¤-
¤¥¥¢  ¢ R6 ¸ÊÐ¥¸É¢¥´´µ Ê¶·µÐ ¥É ¨Ì ·¥¤Ê±Í¨Õ ± ¸¨¸É¥³ ³ ¨´É¥£·µ¤¨ËË¥-
·¥´Í¨ ²Ó´ÒÌ (¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ) Ê· ¢´¥´¨° ¢ R2

+ (R1
+).

�¥·¥°¤¥³ ±  ´ ²¨§Ê É ±µ° ·¥¤Ê±Í¨¨ ¢ ¸²ÊÎ ÖÌ Í¥´É· ²Ó´ÒÌ,   § É¥³ ¨ S-
¢µ²´µ¢ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°. ‚ µ¡o¨Ì ¸²ÊÎ ÖÌ µÉ¤¥²Ó´µ · ¸¸³µÉ·¨³ ¶·¨³¥·Ò ´¥-
Éµ¦¤¥¸É¢¥´´ÒÌ ¨ Éµ¦¤¥¸É¢¥´´ÒÌ Î ¸É¨Í. �¸µ¡µ¥ ¢´¨³ ´¨¥ µ¡· É¨³ ´  Ô±¢¨-
¢ ²¥´É´µ¸ÉÓ ¤¢ÊÌ ¸¶µ¸µ¡µ¢ ·¥¤Ê±Í¨¨ ¨¸Ìµ¤´ÒÌ Ê· ¢´¥´¨° ” ¤¤¥¥¢  ± Ê· ¢-
´¥´¨Ö³ ¢ R1

+. � ·´Ò¥ ¢§ ¨³µ¤¥°¸É¢¨Ö µ¡µ¨Ì · ¸¸³ É·¨¢ ¥³ÒÌ É¨¶µ¢ (217)Ä
(220) ±µ³³ÊÉ¨·ÊÕÉ ¸ µ¶¥· Éµ· ³¨ l2, l3 ¨ P . �µÔÉµ³Ê ¢Ò¶µ²´ÖÕÉ¸Ö ¸µµÉ-
´µÏ¥´¨Ö (225),   Ë ¤¤¥¥¢¸±¨¥ ±µ³¶µ´¥´ÉÒ (231) ¨ ¢µ²´µ¢ Ö ËÊ´±Í¨Ö (232)
Ö¢²ÖÕÉ¸Ö ¸µ¡¸É¢¥´´Ò³¨ ËÊ´±Í¨Ö³¨ ÔÉ¨Ì ¦¥ µ¶¥· Éµ·µ¢. ‘²¥¤µ¢ É¥²Ó´µ, ¤²Ö
ÔÉ¨Ì ±µ³¶µ´¥´É ¢¥·´Ò ÉµÎ´Ò¥ ¶·¥¤¸É ¢²¥´¨Ö ¢ ¢¨¤¥ ·Ö¤µ¢ É¨¶  (84)Ä(87)
¸ ³Ê²ÓÉ¨¨´¤¥±¸µ³ ε = (`,m, σ). ‚¸Õ¤Ê ¤ ²¥¥ ¨¸¶µ²Ó§Ê¥³ É ±¨¥  ´§ ÍÒ ¢
± Î¥¸É¢¥ ¨¸Ìµ¤´ÒÌ,   £¤¥ ÔÉµ ¡Ê¤¥É ¢µ§³µ¦´Ò³ ¤µ¶µ²´¨³ ´ ¡µ· ε ¤·Ê£¨³¨
¸µÌ· ´ÖÕÐ¨³¨¸Ö ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨.

3.4.1. “£²µ¢µ°  ´ ²¨§ ¢ ¸²ÊÎ ¥ Í¥´É· ²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°. �Ê¸ÉÓ Î -
¸É¨ÍÒ ´¥ Éµ¦¤¥¸É¢¥´´Ò. Šµ³¶µ´¥´ÉÒ Ψε

i ¶·¥¤¸É ¢¨³ ·Ö¤ ³¨

Ψε
i (ri) = 2r−2cosec 2ϕi U

`
i (ri), U

`
i (ri) =

∑
ab

U `iab(r, ϕi)Y`mab (x̂i, ŷi), (242)

U `iab(r, ϕi) =
∑
L

W̃Lab(ϕi)U
`
iLab(r), (243)

Ψε
i (ri) = r−2

∑
L

∑
ab

Y `mLab(Ωi)U
`
iLab(r). (244)
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Š¨´¥³ É¨Î¥¸±¨¥ µ¡· §Ò ÔÉ¨Ì ·Ö¤µ¢ ¢Ò· §¨³ ¶µ ¶· ¢¨² ³ (130)Ä(132) ¨ (145).
’µ£¤  ¤²Ö ¢µ²´µ¢µ° ËÊ´±Í¨¨ (235) ¶µ²ÊÎ¨³ · §²µ¦¥´¨Ö

Ψε(ri) = 2r−2cosec2ϕi
∑
ab

Y`mab (x̂i, ŷi)× (245)

×

U `iab(r, ϕi) +
∑
k 6=i

∑
a′b′

〈r, ϕi|h`aba′b′(γki)|U `ka′b′〉

 ,

〈r, ϕi|h`aba′b′(γki)|U `ka′b′〉 ≡
∫ C+(ϕi;γki)

C−(ϕi;γki)

dϕkh
`
aba′b′(ϕi, ϕk; γki)U

`
ka′b′(r, ϕk),

Ψε(ri) = r−2
∑
Lab

Y `mLab(Ωi)
(
U `iLab(r, ϕi) + (246)

+
∑
k 6=i

∑
a′b′

〈ab|K(γki)|a′b′〉L` U `kLa′b′(r)
)
.

‡ ³¥´¨³ ¢ Ê· ¢´¥´¨ÖÌ (236) ¢§ ¨³µ¤¥°¸É¢¨Ö ¨ Ë ¤¤¥¥¢¸±¨¥ ±µ³¶µ´¥´ÉÒ ¨Ì
¡¨¸Ë¥·¨Î¥¸±¨³¨ ·Ö¤ ³¨ (219) ¨ (242). ˆ¸¶µ²Ó§µ¢ ¢ · ¢¥´¸É¢  (206), ¸¶·µ-
¥±É¨·Ê¥³ ± ¦¤µ¥ ¨§ É·¥Ì ¶µ²ÊÎ¨¢Ï¨Ì¸Ö Ê· ¢´¥´¨° ´  ¥£µ ¸µ¡¸É¢¥´´Ò° ¡¨-
¸Ë¥·¨Î¥¸±¨° ¡ §¨¸. ’µ£¤  ¶µ²ÊÎ¨³ ¡¥¸±µ´¥Î´ÊÕ ¶µ ¨´¤¥±¸ ³ a ¨ b ¸¨¸É¥³Ê
¨´É¥£·µ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ¢ R2

+:(
∂2
r + r−1∂r − r−2L̃2

ab(ϕi) + E − Vi(r cosϕi)
)
U `iab(r, ϕi) =

= Vi(r cosϕi)
∑
k 6=i

∑
a′b′

〈r, ϕi|h`aba′b′(γki)|U `ka′b′〉 . (247)

„µ¶µ²´¨³ ÔÉÊ ¸¨¸É¥³Ê ¤µ ±· ¥¢µ° § ¤ Î¨ £· ´¨Î´Ò³¨ Ê¸²µ¢¨Ö³¨

U `iab(r, ϕi) = 0, ϕi = 0, π/2, r ∈ R1
+; r = 0, ∀ϕi, (248)

U `iab(r, ϕi)→ Uasiab(r, ϕi) ≡ 〈`mab|Uasi 〉 , r →∞. (249)

’µ£¤  Ë ¤¤¥¥¢¸±¨¥ ±µ³¶µ´¥´ÉÒ (242) ¡Ê¤ÊÉ ·¥£Ê²Ö·´Ò³¨ ËÊ´±Í¨Ö³¨ ¸ ´Ê¦-
´Ò³¨  ¸¨³¶ÉµÉ¨± ³¨ (237).

‘¶µ¸µ¡µ³, ¶·¥¤²µ¦¥´´Ò³ ¢ · ¡µÉ¥ [67], ¸¢¥¤¥³ ¶µ²ÊÎ¨¢ÏÊÕ¸Ö ±· ¥-
¢ÊÕ § ¤ ÎÊ (247)Ä(249) ± µ¤´µ³¥·´µ°. ‘´ Î ²  ¶·µ´Ê³¥·Ê¥³ ³Ê²ÓÉ¨¨´¤¥±¸µ³
τ ≡ (i, a, b) Ê· ¢´¥´¨Ö ¸¨¸É¥³Ò (247). “· ¢´¥´¨¥, ¸µ¤¥·¦ Ð¥¥ ¢ ²¥¢µ° Î ¸É¨
¨¸±µ³ÊÕ ËÊ´±Í¨Õ U `iab, ´ §µ¢¥³ τ -Ê· ¢´¥´¨¥³. ‚ ÔÉµ³ Ê· ¢´¥´¨¨ § ³¥´¨³
¢¸¥ ¡¥§ ¨¸±²ÕÎ¥´¨Ö ¡¨¸Ë¥·¨Î¥¸±¨¥ ±µ³¶µ´¥´ÉÒ U `ia′b′(r, ϕi) ·Ö¤ ³¨ (243) ¶µ
¸µ¡¸É¢¥´´Ò³ ¡ §¨¸´Ò³ ËÊ´±Í¨Ö³ W̃La′b′(ϕi). � ¸¸³µÉ·¨³, ± ± ÔÉ¨ ËÊ´±Í¨¨
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µÉµ¡· ¦ ÕÉ¸Ö µ¶¥· Éµ· ³¨ L̃2
ab, h

`
aba′b′ ¨ Vi. ‘µ£² ¸´µ · ¢¥´¸É¢ ³ (82) ËÊ´±-

Í¨Ö W̃Lab(ϕi) Ö¢²Ö¥É¸Ö ¸µ¡¸É¢¥´´µ° ¤²Ö µ¶¥· Éµ·  L̃2
ab(r, ϕi). ‚ ¸¨²Ê ¸¢µ°¸É-

¢  (183) ËÊ´±Í¨Ö W̃La′b′(ϕk) µÉµ¡· ¦ ¥É¸Ö µ¶¥· Éµ·µ³ h`aba′b′(γki) ¢ ËÊ´±-
Í¨Õ W̃Lab(ϕi). � ±µ´¥Í, ¨§ · ¢¥´¸É¢ (217)Ä(220) ¸²¥¤Ê¥É, ÎÉµ µ¡· §
ViW̃Lab Å ²¨´¥°´ Ö ±µ³¡¨´ Í¨Ö ËÊ´±Í¨° W̃Lab(ϕi) ¶µ ¨´¤¥±¸Ê L. ‘²¥-
¤µ¢ É¥²Ó´µ, · ¸¸³ É·¨¢ ¥³µ¥ τ -Ê· ¢´¥´¨¥ ¸¢µ¤¨É¸Ö ± · ¢´µ° ´Ê²Õ ¸Ê³³¥ ¶µ
¨´¤¥±¸Ê L. Š ¦¤µ¥ ¥¥ ¸² £ ¥³µ¥ Å ¶·µ¨§¢¥¤¥´¨¥ ËÊ´±Í¨¨ W̃Lab(ϕi) ´ 
¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸µµÉ´µÏ¥´¨¥ ¶µ ¶¥·¥³¥´´µ° r ¤²Ö ËÊ´±Í¨° U `kLa′b′(r).
”Ê´±Í¨¨ W̃Lab ¸ · §´Ò³¨ L, ´µ µ¤¨´ ±µ¢Ò³¨ a ¨ b, ²¨´¥°´µ ´¥§ ¢¨¸¨³Ò.
�µÔÉµ³Ê · ¸¸³ É·¨¢ ¥³ Ö ¸Ê³³  · ¢´  ´Ê²Õ ¢ R+

2 Éµ£¤  ¨ Éµ²Ó±µ Éµ£¤ ,
¥¸²¨ ± ¦¤µ¥ É ±µ¥ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸µµÉ´µÏ¥´¨¥ · ¢´µ ´Ê²Õ. ‡´ Î¨É,
τ -Ê· ¢´¥´¨¥ ¸¢µ¤¨É¸Ö ± ¸¨¸É¥³¥ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ¤²Ö ËÊ´±Í¨°
U `kLa′b′(r), k = 1, 2, 3.

‘Ëµ·³Ê²¨·Ê¥³ ¤µ± § ´´Ò¥ ÊÉ¢¥·¦¤¥´¨Ö. ‚µ-¶¥·¢ÒÌ, ¸Î¥É´µ¥ (L = a+
+b, a+ b+ 2, ...) ³´µ¦¥¸É¢µ ËÊ´±Í¨° W̃Lab(ϕi) Ö¢²Ö¥É¸Ö ¶µ²´Ò³ ¡ §¨¸µ³ ¤²Ö
τ -Ê· ¢´¥´¨Ö ¸¨¸É¥³Ò (247), ¸µ¤¥·¦ Ð¥£µ ¢ ¸¢µ¥° ²¥¢µ° Î ¸É¨ ËÊ´±Í¨Õ U `iab ¸
¢Ò¡· ´´Ò³¨ ¨´¤¥±¸ ³¨ i, a, b. ‚µ-¢Éµ·ÒÌ, ¢ ÔÉµ³ ¨ Éµ²Ó±µ ¢ ÔÉµ³ Ê· ¢´¥´¨¨
¤²Ö µ¶¥· Éµ·µ¢ L̃2

ab, h
`
aba′b′(γki) ¨ Vi ¢¥·´Ò ¸¶¥±É· ²Ó´Ò¥ ¶·¥¤¸É ¢²¥´¨Ö:

L̃2
ab(ϕi) =

∑
L

|W̃Lab(ϕi)〉 (L + 2)2 〈W̃Lab(ϕi)|, (250)

h`aba′b′(γki) =
∑
L

|W̃Lab(ϕi〉 〈ab|K(γki)|a′b′〉L` 〈W̃Lab(ϕk)| , k 6= i, (251)

Vi(r cosϕi) =
∑

L′,L=a+b

|W̃L′ab(ϕi〉V LL
′

iab 〈W̃Lab(ϕi)|. (252)

ˆ¸¶µ²Ó§µ¢ ¢ ¶·¥¤¸É ¢²¥´¨Ö (243) ¨ (250)Ä(252), ¸¶·µ¥±É¨·Ê¥³ ± ¦¤µ¥
τ -Ê· ¢´¥´¨¥ ¸¨¸É¥³Ò (247) ¨ ¥¥ £· ´¨Î´Ò¥ Ê¸²µ¢¨Ö (248) ¨ (249) ´  ¸µµÉ¢¥É-
¸É¢ÊÕÐ¨° ¸µ¡¸É¢¥´´Ò° ¡ §¨¸ ¨§ ËÊ´±Í¨° W̃Lab(ϕi). ’ ±¨³ µ¡· §µ³, ¢ R1

+

¶µ¸É ¢¨³ ±· ¥¢ÊÕ § ¤ ÎÊ ¤²Ö ´¥¨§¢¥¸É´ÒÌ ËÊ´±Í¨° U `iLab(r):(
∂2
r + r−1∂r − r−2(L + 2)2 + E

)
U `iLab(r) = (253)

=
∑
L′

V LL
′

iab (r)

U `iL′ab(r) +
∑
k 6=i

∑
a′b′

〈a′b′|K(γki)|ab〉L′` U `kL′a′b′(r)

 ,

U `iLab(0) = 0 ; U `iLab(r)→ 〈W̃Lab(ϕi)|Uasiab(r, ϕi)〉 , r→∞. (254)

ƒ¨¶¥·£ ·³µ´¨±¨ (78) Å ¶·µ¨§¢¥¤¥´¨Ö ¡¨¸Ë¥·¨Î¥¸±¨Ì £ ·³µ´¨± ´  ËÊ´±-
Í¨¨ (79). ‘²¥¤µ¢ É¥²Ó´µ, · §²µ¦¥´¨¥ Ë ¤¤¥¥¢¸±¨Ì ±µ³¶µ´¥´É ¸´ Î ²  ¢ ¡¨-
¸Ë¥·¨Î¥¸±¨¥ ·Ö¤Ò (242),   § É¥³ ¢ ·Ö¤Ò (243) ¶µ ËÊ´±Í¨Ö³ |Lãb〉 Ô±¢¨¢ -
²¥´É´µ ·¥§Ê²ÓÉ¨·ÊÕÐ¥³Ê · §²µ¦¥´¨Õ ÔÉ¨Ì ±µ³¶µ´¥´É ¢ £¨¶¥·¸Ë¥·¨Î¥¸±¨¥
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·Ö¤Ò (244). �µÔÉµ³Ê ÉÊ ¦¥ ¸ ³ÊÕ ±· ¥¢ÊÕ § ¤ ÎÊ (253), (254) ³µ¦´µ ¢Ò¢¥¸É¨
 ²ÓÉ¥·´ É¨¢´Ò³ ¸¶µ¸µ¡µ³: ¶µ¤¸É ´µ¢±µ°  ´§ Í¥¢ (244) ¢ Ê· ¢´¥´¨Ö (236) ¨
£· ´¨Î´Ò¥ Ê¸²µ¢¨Ö (237) ¨ ¶µ¸²¥¤ÊÕÐ¨³ ¶·µ¥±É¨·µ¢ ´¨¥³ ¶µ²ÊÎ¥´´ÒÌ ¸µµÉ-
´µÏ¥´¨° ´  ¨Ì ¸µ¡¸É¢¥´´Ò¥ £¨¶¥·¸Ë¥·¨Î¥¸±¨¥ ¡ §¨¸Ò.

ˆÉ ±, ¶¥·¥Ìµ¤ µÉ Ë ¤¤¥¥¢¸±¨Ì Ê· ¢´¥´¨° ¢ ¡¨¸Ë¥·¨Î¥¸±µ³ ¡ §¨¸¥ (247)
± Ë ¤¤¥¥¢¸±¨³ Ê· ¢´¥´¨Ö³ ¢ £¨¶¥·¸Ë¥·¨Î¥¸±µ³ ¡ §¨¸¥ (253) µ¸ÊÐ¥¸É¢²Ö-
¥É¸Ö ¶·µ¥±É¨·µ¢ ´¨¥³ ¶¥·¢ÒÌ Ê· ¢´¥´¨° ´  ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¸µ¡¸É¢¥´´Ò¥
¡ §¨¸´Ò¥ ËÊ´±Í¨¨ W̃Lab(ϕi). �Éµ ÊÉ¢¥·¦¤¥´¨¥ ¢ ¸ ³µ³ µ¡Ð¥³ ¸²ÊÎ ¥ ¡Ò²µ
¤µ± § ´µ ¢ ¶·¥¶·¨´É¥ [61] ¨ Ê¶µ³¨´ ²µ¸Ó ¢ ¥£µ ¸ÊÐ¥¸É¢¥´´µ ¸µ±· Ð¥´´µ³
¦Ê·´ ²Ó´µ³ ¢ ·¨ ´É¥ [67]. �¡· É´Ò° ¶¥·¥Ìµ¤, Éµ ¥¸ÉÓ ¢Ò¢µ¤ Ë ¤¤¥¥¢¸±¨Ì
Ê· ¢´¥´¨° ¢ ¡¨¸Ë¥·¨Î¥¸±µ³ ¡ §¨¸¥ ¨§ Ë ¤¤¥¥¢¸±¨Ì Ê· ¢´¥´¨° ¢ £¨¶¥·¸Ë¥-
·¨Î¥¸±µ³ ¡ §¨¸¥, ¡Ò² ·¥ ²¨§µ¢ ´ ¢ · ¡µÉ¥ [112] Éµ²Ó±µ ¢ Î ¸É´µ³ ¸²ÊÎ ¥,  
¨³¥´´µ ¤²Ö ¸¨¸É¥³Ò É·¥Ì Éµ¦¤¥¸É¢¥´´ÒÌ ¡µ§µ´µ¢ ¸ S-¢µ²´µ¢Ò³¨ ¢§ ¨³µ¤¥°-
¸É¢¨Ö³¨ ¨ ´Ê²¥¢Ò³ ¶µ²´Ò³ ³µ³¥´Éµ³.

� ¸¸³µÉ·¨³ ¸²ÊÎ ° Éµ¦¤¥¸É¢¥´´ÒÌ Î ¸É¨Í. �¥·¥¸É ´µ¢±  Î ¸É¨Í ¸ ´µ³¥-
· ³¨ j ¨ k Ô±¢¨¢ ²¥´É´  µÉ· ¦¥´¨Õ ¢¥±Éµ·  xi. �·¨ É ±µ° µ¶¥· Í¨¨ ¡¨-
¸Ë¥·¨Î¥¸±¨¥ £ ·³µ´¨±¨ Y`mab (x̂i, ŷi) ¶·¨µ¡·¥É ÕÉ Ë §µ¢Ò° ³´µ¦¨É¥²Ó (−1)b.
�µÔÉµ³Ê ¤µ¶µ²´¨É¥²Ó´µ¥ Ê¸²µ¢¨¥ ¸¨³³¥É·¨¨ (238) ¡Ê¤¥É  ¢Éµ³ É¨Î¥¸±¨ ¢Ò-
¶µ²´ÖÉÓ¸Ö, ¥¸²¨ ¢  ´§ Í Ì (242) ¨ (244) ¤²Ö ¨¸±µ³µ° Ë ¤¤¥¥¢¸±µ° ±µ³¶µ´¥´ÉÒ
É·¥Ì(Ë¥·³¨µ´´µ°)¡µ§µ´´µ° ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¶µ²µ¦¨ÉÓ ¶µ µ¶·¥¤¥²¥´¨Õ ¢¸¥
¡¨¸Ë¥·¨Î¥¸±¨¥ ¨ £¨¶¥·¸Ë¥·¨Î¥¸±¨¥ ±µ³¶µ´¥´ÉÒ ¸ (Î¥É´Ò³¨) ´¥Î¥É´Ò³¨ ¨´-
¤¥±¸ ³¨ b · ¢´Ò³¨ ´Ê²Õ:

U `iab(r, ϕi), U `iLab(r) ≡ 0

{
Ë¥·³¨µ´Ò b = 1, 3, ...

¡µ§µ´Ò b = 0, 2, ...

�µ¤¸É ¢¨¢ É ±¨³ µ¡· §µ³ ³µ¤¨Ë¨Í¨·µ¢ ´´Ò¥ · §²µ¦¥´¨Ö Ë ¤¤¥¥¢¸±¨Ì ±µ³-
¶µ´¥´É ¢ · ¢¥´¸É¢µ (240), ¶µ²ÊÎ¨³ · §²µ¦¥´¨Ö ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¢ ¸²ÊÎ ¥
Éµ¦¤¥¸É¢¥´´ÒÌ Î ¸É¨Í ¢ ¶·¥¤¸É ¢²¥´¨¨ 〈ri|:

Ψε(ri) = 2r−2cosec2ϕi
∑
ab

Y`mab (x̂i, ŷi)
∑
a′b′

〈r, ϕi|S`aba′b′ |U `ia′b′〉 ,

〈r, ϕi|S`iaba′b′ |U `ia′b′〉 ≡ 〈`mab|Si|`mabU `ia′b′〉 ≡
≡ δaa′δbb′U

`
iab(r, ϕi) +

∑
k 6=i
〈r, ϕi|h`aba′b′(γki)|U `ia′b′〉 , (255)

Ψε(ri) = r−2
∑
Lab

Y `mLab(Ωi)
∑
a′b′

〈ab|Si|a′b′〉L` U `Lab(r), (256)

〈ab|Si|a′b′〉L` ≡ 〈L`mab|Si|L`ma′b′〉 ≡ δaa′δbb′ +
∑
k 6=i
〈ab|K(γki)|a′b′〉L`.
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3.4.2. “£²µ¢µ°  ´ ²¨§ ¢ ¸²ÊÎ ¥ S-¢µ²´µ¢ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°. �¥·¥°¤¥³ ±
Ê£²µ¢µ³Ê  ´ ²¨§Ê Ê· ¢´¥´¨Ö (241) ¤²Ö É·¥Ì ¡µ§µ´µ¢ ¸ S-¢µ²´µ¢Ò³¨ ¢§ ¨³µ¤¥°-
¸É¢¨Ö³¨, § ¤ ´´Ò³¨ · ¢¥´¸É¢ ³¨ (218) ¸ b = 0. ‚ ÔÉµ³ Ê· ¢´¥´¨¨ ¶µ²µ¦¨³
Vi = V 0

i ,   ËÊ´±Í¨¨ Ψε
i ¨ Ψε ¶·¥¤¸É ¢¨³ ¡¨¸Ë¥·¨Î¥¸±¨³¨ ·Ö¤ ³¨ (242)

¨ (255) ¸ Î¥É´Ò³ ¨´¤¥±¸µ³ b. ‘¶·µ¥±É¨·Ê¥³ ¶µ²ÊÎ¨¢Ï¥¥¸Ö Ê· ¢´¥´¨¥ ´  ¥£µ
¸µ¡¸É¢¥´´Ò° ¡¨¸Ë¥·¨Î¥¸±¨° ¡ §¨¸. �² £µ¤ ·Ö ¶·µ¥±Í¨µ´´µ³Ê ¸¢µ°¸É¢Ê (221)
¢§ ¨³µ¤¥°¸É¢¨Ö V 0

i , ¤²Ö ± ¦¤µ° ¡¨¸Ë¥·¨Î¥¸±µ° ±µ³¶µ´¥´ÉÒ U `iab ¸ ¨´¤¥±-
¸µ³ b 6= 0 ¶µ²ÊÎ¨É¸Ö µ¤´µ·µ¤´µ¥ Ê· ¢´¥´¨¥ É¨¶  (209) ¸ ¨§¢¥¸É´Ò³ ·¥Ï¥-
´¨¥³ (213),   Ê· ¢´¥´¨¥ ¤²Ö ±µ³¶µ´¥´ÉÒ U `i`0 c b = 0 ¡Ê¤¥É ´¥µ¤´µ·µ¤´Ò³.
‡ ¶¨Ï¥³ ÔÉµ Ê· ¢´¥´¨¥ ¢ ¢¨¤¥(

∂2
r + r−1 ∂r − r−2L̃2

`0 + E
)
U `(r, ϕ) = V (r cosϕ)〈r, ϕ|S`|U `〉 , (257)

£¤¥ µ¶ÊÐ¥´Ò ¨´¤¥±¸Ò i, a = ` ¨ b = 0,

U ` ≡ U `i`0 , 〈r, ϕ|S`|U `〉 ≡ 〈r, ϕ|S`i`0`0|U `i`0〉 , (258)

¨ ¸µ£² ¸´µ Ëµ·³Ê² ³ (115), (117), (123), (127), (132) ¨ (255)

〈r, ϕ|S`|U `〉 = U `(r, ϕ) + (259)

+ (4/
√

3)

∫ C+(ϕ,π/3)

C−(ϕ,π/3)

dϕ′ P`(uyy′(ϕ,ϕ
′;π/3))U `(r, ϕ′) ,

uyy′(ϕ,ϕ
′;π/3) = ( 2(cos 2ϕ+ cos 2ϕ′)− 1 ) /(4 sinϕ sinϕ′) .

�¶¨Ï¥³ ¸É·µ¥´¨¥ ¢µ²´µ¢µ° ËÊ´±Í¨¨ Ψε. …¸²¨ E < 0, Éµ ∀U `iab ≡ 0 ¶·¨
b 6= 0 ¨ ¡¨¸Ë¥·¨Î¥¸±¨° ·Ö¤ (255) ÔÉµ° ËÊ´±Í¨¨ ¢Ò·µ¦¤ ¥É¸Ö ¢ · ¢¥´¸É¢µ

Ψε(r) = 2r−2cosec2ϕ 〈r, ϕ|S`|U `〉 Y`m`0 (x̂, ŷ) . (260)

’ ± Ö ËÊ´±Í¨Ö Ö¢²Ö¥É¸Ö ¸µ¡¸É¢¥´´µ° ¤²Ö µ¶¥· Éµ·µ¢ l2x ¨ l2y:

l2xΨ
ε = 0 , (l2y − `(`+ 1))Ψε = 0 .

‡´ Î¨É, ¶·¨ E < 0 ¸µÌ· ´ÖÕÉ¸Ö ¶ÖÉÓ ±¢ ´Éµ¢ÒÌ Î¨¸¥²: ε = (`,m, σ, a, b), £¤¥
σ = (−1)`, a = ` ¨ b = 0. ‚ ¸²ÊÎ ¥ E ≥ 0 ¡¨¸Ë¥·¨Î¥¸±¨° ·Ö¤ (255) ¢µ²´µ¢µ°
ËÊ´±Í¨¨ Ψε ¸µ¤¥·¦¨É Éµ²Ó±µ µ¤´µ § ¢¨¸ÖÐ¥¥ µÉ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸² £ ¥³µ¥,
  µ¸É ²Ó´Ò¥ ¸² £ ¥³Ò¥  ¶·¨µ·¨ ¨§¢¥¸É´Ò ¢ Ö¢´µ³ ¢¨¤¥. �µÔÉµ³Ê ¢¸Õ¤Ê ¤ ²¥¥
¶·¨ ²Õ¡µ³ §´ ±¥ Ô´¥·£¨¨ E ¨¸¸²¥¤Ê¥³ Éµ²Ó±µ Î ¸É¨ Ë ¤¤¥¥¢¸±¨Ì ±µ³¶µ´¥´É

Ψε
i (r) = 2r−2 cosec 2ϕU ``0(r, ϕ)Y`m`0 (x̂, ŷ), r ≡ ri, (261)

§ ¢¨¸ÖÐ¨¥ µÉ ¶µÉ¥´Í¨ ² , ¨ µÉ¢¥Î ÕÐÊÕ ¨³ ËÊ´±Í¨Õ (260).
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� §¤¥²¨³ ¶¥·¥³¥´´Ò¥ r ¨ ϕ ¢ Ê· ¢´¥´¨¨ (257). „²Ö ÔÉµ£µ § ¶¨Ï¥³ ¨¸±µ-
³ÊÕ ËÊ´±Í¨Õ U ` ¨ ³ É·¨Î´Ò¥ ¶·¥¤¸É ¢²¥´¨Ö ¢¸¥Ì µ¶¥· Éµ·µ¢ (250)Ä(252),
¸µ¤¥·¦ Ð¨Ì¸Ö ¢ ÔÉµ³ Ê· ¢´¥´¨¨, ¢ ¸µ±· Ð¥´´ÒÌ µ¡µ§´ Î¥´¨ÖÌ (258) ¨ (259):

U `(r, ϕ) =
∑
L

U `L(r) W̃L`0(ϕ) , (262)

L̃2
`0(r, ϕ) =

∑
L

|W̃L`0(ϕ)〉 (L + 2)2 〈W̃L`0(ϕ)| , (263)

S` =

∞∑
L=`

|W̃L`0(ϕ)〉S`L 〈W̃L`0(ϕ)| , (264)

S`L ≡ S``0`0 = 1 + 2〈`0|K(π/3)|`0〉L` , (265)

V (r cosϕ) =
∑
LL′

|W̃L`0(ϕ)〉V LL
′

`0 (r) 〈W̃L`0(ϕ)| . (266)

’¥¶¥·Ó, ¨¸¶µ²Ó§µ¢ ¢ ¶·¥¤¸É ¢²¥´¨Ö (262)Ä(266), c¶·µ¥±É¨·Ê¥³ Ê· ¢´¥´¨¥ (257)
´  ¥£µ ¸µ¡¸É¢¥´´Ò° ¡ §¨¸ ¨§ ËÊ´±Í¨° W̃L`0, L = `, `+ 2, ... ‚ ¨Éµ£¥ ¶µ²ÊÎ¨³
¨¸±µ³ÊÕ ¸¨¸É¥³Ê µ¡Ò±´µ¢¥´´ÒÌ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨°:(

∂2
r + r−1∂r − r−2(L+ 2)2 + E

)
U `L(r) = R`L(r) ≡ (267)

≡
∑
L′

V LL
′

`0 (r)S`L′ U
`
L′(r) .

‚ § ±²ÕÎ¥´¨¥ ¸ ¶µ³µÐÓÕ Ëµ·³Ê² (262) ¨ (264) ¢Ò· §¨³ ¢µ²´µ¢ÊÕ ËÊ´±-
Í¨Õ (260) Î¥·¥§ £¨¶¥·¸Ë¥·¨Î¥¸±¨¥ ±µ³¶µ´¥´ÉÒ, ¶µ¤Î¨´¥´´Ò¥ ¸¨¸É¥³¥ Ê· ¢-
´¥´¨° (267):

Ψε(r) = r−2
∑
L

Y `m`0 (Ω)S`L U
`
L(r), ε = (`,m, σ, a, b), σ = (−1)`, a = `, b = 0.

(268)

4. ’�—�›… �…˜…�ˆŸ “��‚�…�ˆ‰ ”�„„……‚�

‚ ¶. 4.1 µ¡¸Ê¦¤ ÕÉ¸Ö Ê¸²µ¢¨Ö ¸ÊÐ¥¸É¢µ¢ ´¨Ö ¨ ¸¶µ¸µ¡Ò ¶µ¸É·µ¥´¨Ö ²µ¦-
´ÒÌ ·¥Ï¥´¨° Ë ¤¤¥¥¢¸±¨Ì Ê· ¢´¥´¨° (236), ¶·¨¢µ¤ÖÉ¸Ö ¶·¨³¥·Ò ²µ¦´ÒÌ
·¥Ï¥´¨° ¢ ¸²ÊÎ ¥ Í¥´É· ²Ó´ÒÌ, S- ¨ P -¢µ²´µ¢ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°. ‚ ¶. 4.2
· ¸¸³µÉ·¥´Ò É·¨ Î ¸É´ÒÌ ¸²ÊÎ Ö, ±µ£¤  ·¥Ï¥´¨Ö, µ¡² ¤ ÕÐ¨¥ Ë¨§¨Î¥¸±¨³
¸³Ò¸²µ³, ¨ ¸¶¥Í¨ ²Ó´Ò¥ (²µ¦´Ò¥) ¸² £ ¥³Ò¥ É ±¨Ì ·¥Ï¥´¨° ³µ¦´µ ´ °É¨
ÉµÎ´µ.



1628 �“�›˜…‚ ‚.‚.

4.1. ‹µ¦´Ò¥ ·¥Ï¥´¨Ö. „²Ö ´ Î ²  ¶µÖ¸´¨³, ¶µÎ¥³Ê ²µ¦´Ò¥ ·¥Ï¥´¨Ö
³µ£ÊÉ ¸ÊÐ¥¸É¢µ¢ ÉÓ ¨ ¶µÎ¥³Ê ¨Ì ¨¸¸²¥¤µ¢ ´¨¥ ¶·¥¤¸É ¢²Ö¥É¸Ö ¨´É¥·¥¸´Ò³.
‚ Ê· ¢´¥´¨¨ ˜·¥¤¨´£¥·  (223) ´¥¨§¢¥¸É´µ° ËÊ´±Í¨¥° Ψε Ö¢²Ö¥É¸Ö ¢¸Ö Ë ¤-
¤¥¥¢¸± Ö ¸Ê³³  (232). ‚ ¸¨¸É¥³¥ Ê· ¢´¥´¨° ” ¤¤¥¥¢  (233) ´¥¨§¢¥¸É´Ò³¨
ËÊ´±Í¨Ö³¨ Ö¢²ÖÕÉ¸Ö ¸² £ ¥³Ò¥ ÔÉµ° ¸Ê³³Ò. ‚µµ¡Ð¥ £µ¢µ·Ö, ¸Ê³³  É·¥Ì ´¥-
±µÉµ·ÒÌ ËÊ´±Í¨°, µÉ²¨Î´ÒÌ µÉ ´Ê²Ö, ³µ¦¥É ¡ÒÉÓ Éµ¦¤¥¸É¢¥´´µ · ¢´µ° ´Ê²Õ.
‘²¥¤µ¢ É¥²Ó´µ, ¸¨¸É¥³  (233), ¡¥§ ± ±¨Ì-²¨¡µ ¤µ¶µ²´¨É¥²Ó´ÒÌ Ê¸²µ¢¨°, ³µ-
¦¥É ¨³¥ÉÓ ´¥É·¨¢¨ ²Ó´µ¥ ¨ ·¥£Ê²Ö·´µ¥ ·¥Ï¥´¨¥ (Ψε

1,Ψ
ε
2,Ψ

ε
3), ¸Ê³³  (232)

±µ³¶µ´¥´É ±µÉµ·µ£µ Éµ¦¤¥¸É¢¥´´µ · ¢´  ´Ê²Õ, Ψε ≡ 0. ’ ±µ¥ ·¥Ï¥´¨¥ (µ¡µ-
§´ Î¨³ ¥£µ ¸µ¢µ±Ê¶´µ¸ÉÓÕ (S1, S2, S3)) µ¡· Ð ¥É ¢ ´Ê²Ó µ¤´µ¢·¥³¥´´µ ± ±
¶· ¢ÊÕ, É ± ¨ ²¥¢ÊÕ Î ¸É¨ ¸¨¸É¥³Ò (236):

Si(ri) +
∑
k 6=i

K(γki)Si(ri) = 0, i = 1, 2, 3 , (269)

(H0(ri)− E)Si(ri) = 0, i = 1, 2, 3. (270)

‘µ¢µ±Ê¶´µ¸ÉÓ (S1, S2, S3) ¤¢ ¦¤Ò ´¥¶·¥·Ò¢´µ ¤¨ËË¥·¥´Í¨·Ê¥³ÒÌ ËÊ´±Í¨°,
Ê¤µ¢²¥É¢µ·ÖÕÐ¨Ì Éµ²Ó±µ ¸¨¸É¥³¥ Ê· ¢´¥´¨° (269), (270), ¶·¨´ÖÉµ [100] ´ §Ò-
¢ ÉÓ ²µ¦´Ò³ ·¥Ï¥´¨¥³ Ë ¤¤¥¥¢¸±¨Ì Ê· ¢´¥´¨° (236). ’ ± ± ± ²µ¦´µ¥ ·¥Ï¥-
´¨¥ Ê¤µ¢²¥É¢µ·Ö¥É ¸¢µ¡µ¤´µ³Ê Ê· ¢´¥´¨Õ ˜·¥¤¨´£¥·  (270), Éµ µ´µ ´¥ ¸µ¤¥·-
¦¨É ´¨± ±µ° ¨´Ëµ·³ Í¨¨ µ ¶ ·´ÒÌ ¶µÉ¥´Í¨ ² Ì. ‘µ£² ¸´µ · ¢¥´¸É¢ ³ (269)
²µ¦´µ¥ ·¥Ï¥´¨¥ µÉ¢¥Î ¥É É·¨¢¨ ²Ó´µ³Ê ·¥Ï¥´¨Õ (Ψε ≡ 0) Ê· ¢´¥´¨Ö ˜·¥-
¤¨´£¥·  (222). ‘²¥¤µ¢ É¥²Ó´µ, ²µ¦´µ¥ ·¥Ï¥´¨¥ ´¥ ¸µµÉ¢¥É¸É¢Ê¥É ´¨± ±µ³Ê
Ë¨§¨Î¥¸±µ³Ê ¸µ¸ÉµÖ´¨Õ ¸¨¸É¥³Ò É·¥Ì Î ¸É¨Í. Š ± µÉ³¥Î ²µ¸Ó ¢ · ¡µÉ¥ [108],
¸¨¸É¥³  Ê· ¢´¥´¨° (269), (270) ¢¸¥£¤  ¨³¥¥É ´¥É·¨¢¨ ²Ó´µ¥ ¤¢ÊÌ¶ · ³¥É·¨Î¥-
¸±µ¥ ·¥Ï¥´¨¥. �µ¸É·µ¨³ ¥£µ.

�Ê¸ÉÓ Ψ0 ¨ E Å ´¥±µÉµ·Ò¥ ¸µ¡¸É¢¥´´Ò¥ ËÊ´±Í¨¨ ¨ §´ Î¥´¨¥ ¸¢µ¡µ¤´µ£µ
£ ³¨²ÓÉµ´¨ ´  H0. �·¨ ²Õ¡ÒÌ Î¨¸² Ì ci ËÊ´±Í¨¨

Si(ri) ≡ ciΨ0(ri) , i = 1, 2, 3, (271)

Ê¤µ¢²¥É¢µ·ÖÕÉ Ê· ¢´¥´¨Õ (270). �µ²µ¦¨³ c1 = −c2 − c3. ’µ£¤  ±µÔË-
Ë¨Í¨¥´ÉÒ c2 ¨ c3 µ¸É ´ÊÉ¸Ö ´¥§ ¢¨¸¨³Ò³¨,   ËÊ´±Í¨¨ (271) Ê¤µ¢²¥É¢µ·ÖÉ
Ê· ¢´¥´¨Õ (269). ‘²¥¤µ¢ É¥²Ó´µ, ²Õ¡µ³Ê ·¥Ï¥´¨Õ Ψ0 ¸¢µ¡µ¤´µ£µ Ê· ¢´¥´¨Ö
˜·¥¤¨´£¥·  µÉ¢¥Î ¥É ¤¢ÊÌ¶ · ³¥É·¨Î¥¸±µ¥ ²µ¦´µ¥ ·¥Ï¥´¨¥ (271) Ê· ¢´¥´¨°
” ¤¤¥¥¢  (236). Šµ³¶µ´¥´ÉÒ Si É ±µ£µ ·¥Ï¥´¨Ö ´¥ ¢¸¥£¤  ¡Ê¤ÊÉ ¸µ¡¸É¢¥´-
´Ò³¨ ËÊ´±Í¨Ö³¨ ¤²Ö § ¤ ´´µ£µ ´ ¡µ·  µ¶¥· Éµ·µ¢, ±µ³³ÊÉ¨·ÊÕÐ¨Ì ¸ ¶µ²-
´Ò³ £ ³¨²ÓÉµ´¨ ´µ³ H . �·¨¢¥¤¥³ ¶µÖ¸´ÖÕÐ¨° ¶·¨³¥·. ‘ ÔÉµ° Í¥²ÓÕ § ³¥-
´¨³ ËÊ´±Í¨Õ Ψ0 ¢ ¸µµÉ´µÏ¥´¨ÖÌ (271) ¸µ¡¸É¢¥´´µ° ËÊ´±Í¨¥° (215) Ï¥¸É¨
µ¶¥· Éµ·µ¢ ¨³¶Ê²Ó¸µ¢. � ²µ¦¨³ Ê¸²µ¢¨¥ c1 = −c2 − c3. Šµ³¶µ´¥´ÉÒ ¶µ²Ê-
Î¥´´µ£µ ²µ¦´µ£µ ·¥Ï¥´¨Ö ¡Ê¤ÊÉ ¸µ¡¸É¢¥´´Ò³¨ ËÊ´±Í¨Ö³¨ É¥Ì ¦¥ µ¶¥· Éµ·µ¢
¨³¶Ê²Ó¸µ¢, ´µ ¢ ¸¨²Ê · §²µ¦¥´¨Ö (215) ´¥ ¡Ê¤ÊÉ ¸µ¡¸É¢¥´´Ò³¨ ËÊ´±Í¨Ö³¨
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µ¶¥· Éµ·µ¢ l2, l3, P . ‚¸¥£¤  ²¨ ¸ÊÐ¥¸É¢ÊÕÉ ²µ¦´Ò¥ ·¥Ï¥´¨Ö, µÉ¢¥Î ÕÐ¨¥ ´ -
¶¥·¥¤ § ¤ ´´µ³Ê ´ ¡µ·Ê ε = (`,m, σ) ¸µ¡¸É¢¥´´ÒÌ Î¨¸¥² É ±¨Ì µ¶¥· Éµ·µ¢?
…¸²¨ É ±¨¥ ·¥Ï¥´¨Ö ¸ÊÐ¥¸É¢ÊÕÉ, Éµ ± ± ¨Ì ³µ¦´µ ¶µ¸É·µ¨ÉÓ ¢ Ö¢´µ³ ¢¨¤¥ ¨
ÊÎ¥¸ÉÓ ¶·¨ ·¥Ï¥´¨¨ Ê· ¢´¥´¨° ” ¤¤¥¥¢  ¤²Ö ¸¨¸É¥³Ò ¨§ É·¥Ì Î ¸É¨Í ¸ ¶·µ-
¨§¢µ²Ó´Ò³¨ ³ ¸¸ ³¨ ¨ Í¥´É· ²Ó´Ò³¨ ²¨¡µ b-¢µ²´µ¢Ò³¨ ¢§ ¨³µ¤¥°¸É¢¨Ö³¨?
�É¢¥É ³ ´  ÔÉ¨ ¢µ¶·µ¸Ò ¶µ¸¢ÖÐ¥´  · ¡µÉ  [71]. ˆ§²µ¦¨³ ¥¥ µ¸´µ¢´Ò¥ ·¥-
§Ê²ÓÉ ÉÒ: ¤µ± § É¥²Ó¸É¢µ ±·¨É¥·¨Ö ¸ÊÐ¥¸É¢µ¢ ´¨Ö ²µ¦´ÒÌ ·¥Ï¥´¨° ¢ ±² ¸¸¥
ËÊ´±Í¨° Aε ¨ ¸¶µ¸µ¡ ¨¸±²ÕÎ¥´¨Ö É ±¨Ì ·¥Ï¥´¨°.

‘´ Î ²  ¨¸¸²¥¤Ê¥³ Ê¸²µ¢¨¥ (269),   § É¥³ Å Ê¸²µ¢¨¥ (270). ‘µ£² ¸´µ
Ê¸²µ¢¨Õ (269) ¸Ê³³  ¢¸¥Ì ±µ³¶µ´¥´É ²µ¦´µ£µ ·¥Ï¥´¨Ö ¤µ²¦´  ¡ÒÉÓ ´Ê²¥-
¢µ° ¢ ± ¦¤µ³ ¨§ É·¥Ì (i = 1, 2, 3) ´ ¡µ·µ¢ ±µµ·¤¨´ É Ÿ±µ¡¨. � ¸¸³µÉ·¨³
ÔÉ¨ Ê¸²µ¢¨Ö ± ± É·¨ Ê· ¢´¥´¨Ö ¤²Ö ´¥¨§¢¥¸É´ÒÌ ±µ³¶µ´¥´É. Šµ³¶µ´¥´ÉÒ ¡Ê-
¤¥³ ¨¸± ÉÓ ¢ ±² ¸¸¥ Aε ¢ ¢¨¤¥ £¨¶¥·¸Ë¥·¨Î¥¸±¨Ì ·Ö¤µ¢ ¶µ ¨Ì ¸µ¡¸É¢¥´´Ò³
¡ §¨¸ ³:

Si(ri) ≡ Sεi (ri) = r−2
∑
L

∑
ab

SiLab(r) Y
`m
Lab(Ωi) . (272)

�µ¤¸É ¢¨³ ÔÉ¨ ·Ö¤Ò ¢ Ê· ¢´¥´¨Ö (269). “ÎÉ¥³ · ¢¥´¸É¢  (142). ’µ£¤  ¤²Ö
± ¦¤µ£µ §´ Î¥´¨Ö L ¶µ²ÊÎ¨³ ²¨´¥°´ÊÕ ¨ µ¤´µ·µ¤´ÊÕ ¸¨¸É¥³Ê Ê· ¢´¥´¨°:

SiLa′b′(r) +
∑
k 6=i

∑
a′b′

〈ab|K(γki)|a′b′〉L` SkLa′b′(r) = 0 , (273)

¢ ±µÉµ·µ° i = 1, 2, 3,   ¨´¤¥±¸Ò a, b, a′, b′ ¶·¨´¨³ ÕÉ ¢¸¥ §´ Î¥´¨Ö, ¤µ¶Ê-
¸É¨³Ò¥ ¶·¨ § ¤ ´´ÒÌ L ¨ `. —¨¸²µ É ±¨Ì §´ Î¥´¨° µ£· ´¨Î¥´µ. �µÔÉµ³Ê
³ É·¨Í  ML · ¸¸³ É·¨¢ ¥³µ° ¸¨¸É¥³Ò (273) ¨³¥¥É ±µ´¥Î´ÊÕ · §³¥·´µ¸ÉÓ,
· ¢´ÊÕ ÊÉ·µ¥´´µ³Ê Î¨¸²Ê £¨¶¥·£ ·³µ´¨± (54) ¸ ¤ ´´Ò³¨ ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨
L, ` ¨ m. ˆ§ É¥µ·¨¨ ³ É·¨Í [2] ¨§¢¥¸É´µ, ÎÉµ ¸¨¸É¥³  (273) ¨³¥¥É

NL = dim ML − rank ML

´¥É·¨¢¨ ²Ó´ÒÌ ¨ ²¨´¥°´µ ´¥§ ¢¨¸¨³ÒÌ ·¥Ï¥´¨° Éµ£¤  ¨ Éµ²Ó±µ Éµ£¤ , ¥¸²¨
¤¥É¥·³¨´ ´É ÔÉµ° ³ É·¨ÍÒ · ¢¥´ ´Ê²Õ,

det ML = 0 . (274)

�Ê¸ÉÓ D Å ³´µ¦¥¸É¢µ §´ Î¥´¨° L, ¶·¨ ±µÉµ·ÒÌ ¢Ò¶µ²´ÖÕÉ¸Ö Ê¸²µ-
¢¨Ö (274). …¸²¨ ÔÉµ ³´µ¦¥¸É¢µ ¶Ê¸Éµ¥ (D = ∅), Éµ ¥¸ÉÓ detML 6= 0 ¶·¨ ²Õ¡µ³
L, Éµ ´¥ ¸ÊÐ¥¸É¢Ê¥É µÉ²¨Î´ÒÌ µÉ ´Ê²Ö ËÊ´±Í¨° (272), Ê¤µ¢²¥É¢µ·ÖÕÐ¨Ì
Ê· ¢´¥´¨Ö³ (269). ‚ ÔÉµ³ É·¨¢¨ ²Ó´µ³ ¸²ÊÎ ¥ Ê· ¢´¥´¨Ö ” ¤¤¥¥¢  (233) ´¥
¨³¥ÕÉ ²µ¦´ÒÌ ·¥Ï¥´¨° ¢ ±² ¸¸¥ Aε. ’ ± ± ± Ê· ¢´¥´¨Ö (269) ¸¢µ¤ÖÉ¸Ö
± ´¥§ Í¥¶²ÖÕÐ¨³¸Ö ¸¨¸É¥³ ³ Ê· ¢´¥´¨° (273), Éµ ¨Ì µ¡Ð¥¥ ·¥Ï¥´¨¥ (272)
Ö¢²Ö¥É¸Ö ²¨´¥°´µ° ±µ³¡¨´ Í¨¥°

Sεi (ri) =
∑
L∈D

CL SLi (ri) (275)
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´¥±µÉµ·ÒÌ Î¨¸²µ¢ÒÌ ±µÔËË¨Í¨¥´Éµ¢ CL ¨ Î ¸É´ÒÌ ·¥Ï¥´¨°:

SLi (ri) =
∑
ab

SiLab(r) Y
`m
Lab(Ωi) , (276)

µ¡² ¤ ÕÐ¨Ì ¤µ¶µ²´¨É¥²Ó´Ò³ ± ´ ¡µ·Ê ε = (`,m, σ) ±¢ ´Éµ¢Ò³ Î¨¸²µ³ L.
‘Ëµ·³Ê²¨·Ê¥³ ¤µ± § ´´Ò¥ ¢ÒÏ¥ ÊÉ¢¥·¦¤¥´¨Ö ¢ ¢¨¤¥ ²¥³³Ò.

‹¥³³ . ‚ ±² ¸¸¥ Aε ¸¨¸É¥³  Ê· ¢´¥´¨° (269) ¨³¥¥É ´¥É·¨¢¨ ²Ó´Ò¥ ·¥-
Ï¥´¨Ö Éµ£¤  ¨ Éµ²Ó±µ Éµ£¤ , ¥¸²¨ D 6= ∅. ‚¸¥ É ±¨¥ ·¥Ï¥´¨Ö Å ²¨´¥°´Ò¥
±µ³¡¨´ Í¨¨ (275) ËÊ´±Í¨° (276) ¸ £¨¶¥·¸Ë¥·¨Î¥¸±¨³¨ ±µ³¶µ´¥´É ³¨, ¶µ¤Î¨-
´¥´´Ò³¨ Ê¸²µ¢¨Ö³ (273).

’¥¶¥·Ó ¨§ ¢¸¥Ì ·¥Ï¥´¨° (275) Ê· ¢´¥´¨° (269) ¢Ò¡¥·¥³ ·¥Ï¥´¨Ö, Ê¤µ-
¢²¥É¢µ·ÖÕÐ¨¥ Ê¸²µ¢¨Õ (270). ’ ±¨¥ ·¥Ï¥´¨Ö ¨ ¡Ê¤ÊÉ ²µ¦´Ò³¨. ‚ Ê· ¢´¥-
´¨Ö (270) ¶µ¤¸É ¢¨³ ¨¸±µ³Ò¥ ËÊ´±Í¨¨ Sεi ¢ ¨Ì µ¡Ð¥³ ¢¨¤¥ (275), (276). ˆ¸-
¶µ²Ó§µ¢ ¢ · ¢¥´¸É¢  (69), ¸¶·µ¥±É¨·Ê¥³ ¶µ²ÊÎ¨¢Ï¨¥¸Ö Ê· ¢´¥´¨Ö ´  ¨Ì ¸µ¡-
¸É¢¥´´Ò¥ £¨¶¥·¸Ë¥·¨Î¥¸±¨¥ ¡ §¨¸Ò. „ ²¥¥ ¶µ¤¸É ´µ¢±µ° z =

√
Er, Zν(z) =

= SiLab(r) ¸¢¥¤¥³ Ê· ¢´¥´¨¥ ¤²Ö ± ¦¤µ° ¨¸±µ³µ° ±µ³¶µ´¥´ÉÒ SiLab(z) ¸
L ∈ D ± Ê· ¢´¥´¨Õ �¥¸¸¥²Ö (211) ¸ ¨´¤¥±¸µ³ ν = L + 2. �´µ ¨³¥¥É ´¥É·¨-
¢¨ ²Ó´Ò¥ ·¥£Ê²Ö·´Ò¥ ·¥Ï¥´¨Ö ²¨ÏÓ ¶·¨ ¤¥°¸É¢¨É¥²Ó´µ³ z > 0, Éo ¥¸ÉÓ ¶·¨
E > 0. ‚¸¥ É ±¨¥ ·¥Ï¥´¨Ö ¶·µ¶µ·Í¨µ´ ²Ó´Ò ·¥£Ê²Ö·´Ò³ ËÊ´±Í¨Ö³ �¥¸¸¥²Ö:

SiLab(r) = DL
iab JL+2(

√
Er), E > 0. (277)

�·¨ ± ¦¤µ³ § ¤ ´´µ³ L ∈ D ËÊ´±Í¨¨ (277) § ¢¨¸ÖÉ µÉ r µ¤¨´ ±µ¢Ò³ µ¡· -
§µ³, ¶µÔÉµ³Ê µ´¨ Ê¤µ¢²¥É¢µ·ÖÕÉ ¸¨¸É¥³¥ (273) Éµ£¤  ¨ Éµ²Ó±µ Éµ£¤ , ¥¸²¨
±µÔËË¨Í¨¥´ÉÒ DL

iab ¶µ¤Î¨´ÖÕÉ¸Ö ¸¨¸É¥³¥ Ê· ¢´¥´¨°

DL
iab +

∑
k 6=i

∑
a′b′

〈ab|K(γki)|a′b′〉L`DL
ka′b′ = 0 , (278)

±µÉµ· Ö ¨³¥¥É ÉÊ ¦¥ ¸ ³ÊÕ ³ É·¨ÍÊ ML, ÎÉµ ¨ ¸¨¸É¥³  (273).
�µ¤¸É ¢¨¢  ´§ Í (277) ¢ Ê¸²µ¢¨¥ (276), ¶µ²ÊÎ¨³ Î ¸É´µ¥ ²µ¦´µ¥ ·¥Ï¥´¨¥

¸ ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨ `,m, σ ¨ L ∈ D:

SLi (ri) = r−2 JL+2(
√
Er)

∑
ab

DL
iab Y

`m
Lab(Ωi) . (279)

…¸²¨ ¢¸¥ É ±¨¥ ·¥Ï¥´¨Ö ¶µ¤¸É ¢¨ÉÓ ¢ ¸Ê³³Ê (275), Éµ ¶µ²ÊÎ¨É¸Ö µ¡Ð¥¥ ²µ¦´µ¥
·¥Ï¥´¨¥ ¸ ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨ ε = (`,m, σ):

Sεi = r−2
∑
L∈D

CL JL+2(
√
Er)

∑
ab

DL
iab Y

`m
Lab(Ωi) . (280)

‚ ¸¨²Ê ²¥³³Ò ¨ ¸µµÉ´µÏ¥´¨° (277)Ä(280) ¸¶· ¢¥¤²¨¢ ¸²¥¤ÊÕÐ¨° ±·¨É¥·¨°.
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’¥µ·¥³  2. ‚ ±² ¸¸¥ Aε Ê· ¢´¥´¨Ö ” ¤¤¥¥¢  (236) ¨³¥ÕÉ ²µ¦´Ò¥ ·¥-
Ï¥´¨Ö (Sε1 , S

ε
2 , S

ε
3) Éµ£¤  ¨ Éµ²Ó±µ Éµ£¤ , ¥¸²¨ E > 0 ¨ D 6= ∅. ‚¸¥ É ±¨¥

²µ¦´Ò¥ ·¥Ï¥´¨Ö Å ¸Ê³³Ò (280), ¢ ±µÉµ·ÒÌ ±µÔËË¨Í¨¥´ÉÒ CL Å ¶·µ¨§¢µ²Ó-
´Ò¥ Î¨¸² ,   ±µÔËË¨Í¨¥´ÉÒ DL

iab ¶µ¤Î¨´¥´Ò Ê¸²µ¢¨Ö³ (278).
’¥¶¥·Ó ¤µ± ¦¥³, ÎÉµ ¢¸¥ ²µ¦´Ò¥ ·¥Ï¥´¨Ö µ¡² ¤ ÕÉ µ¤´¨³ ¨ É¥³ ¦¥

¤µ¶µ²´¨É¥²Ó´Ò³ ± ´ ¡µ·Ê ε = (`,m, σ) ±¢ ´Éµ¢Ò³ Î¨¸²µ³. �Ê¸ÉÓ Sε ¨ Uε Å
²¨´¥°´Ò¥ ¶µ¤¶·µ¸É· ´¸É¢  ¶·µ¸É· ´¸É¢  Aε, ¡ §¨¸Ò ±µÉµ·ÒÌ ´  S5 ¢ R6

µ¡· §ÊÕÉ £¨¶¥·£ ·³µ´¨±¨ (54) ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ ¨´¤¥±¸ ³¨ L ∈ D ¨
L /∈ D. ’µ£¤  µ¶¥· Éµ·Ò

Ps ≡
∑
L∈D

∑
ab

|Y `mLab(Ωi) 〉 〈Y `mLab(Ωi)| , Pu ≡
∑
L 6⊂D

∑
ab

|Y `mLab(Ωi)〉〈Y `mLab(Ωi)|

(281)
Ö¢²ÖÕÉ¸Ö ¶·µ¥±Éµ· ³¨ ´  ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¶µ¤¶·µ¸É· ´¸É¢  Sε ¨ Uε, µ·-
Éµ£µ´ ²Ó´Ò¥ ¤·Ê£ ¤·Ê£Ê µÉ´µ¸¨É¥²Ó´µ ¨´É¥£·¨·µ¢ ´¨Ö ´  £¨¶¥·¸Ë¥·¥ S5 ¶µ
¸µ¢µ±Ê¶´µ¸É¨ £¨¶¥·Ê£²µ¢ Ωi. ’ ± ± ± ±¨´¥³ É¨Î¥¸±µ¥ ¶·¥µ¡· §µ¢ ´¨¥ £¨-
¶¥·£ ·³µ´¨± (142) Ö¢²Ö¥É¸Ö Ê´¨É ·´Ò³, Éµ ¶·¥¤¸É ¢²¥´¨Ö (281) ¶·µ¥±Éµ·µ¢
Ps ¨ Pu ¨´¢ ·¨ ´É´Ò µÉ´µ¸¨É¥²Ó´µ ¢Ò¡µ·  ¨´¤¥±¸  i. “Î¨ÉÒ¢ Ö ÔÉµ ¸¢µ°-
¸É¢µ, ¶µ¤¥°¸É¢Ê¥³ ¶·µ¥±Éµ· ³¨ ´  ²µ¦´Ò¥ ·¥Ï¥´¨Ö (280). ’µ£¤  ¶µ²ÊÎ¨³
· ¢¥´¸É¢ 

PsS
ε
i = ps S

ε
i , ps = 1 ; Pu S

ε
i = 0 , (282)

µ§´ Î ÕÐ¨¥, ÎÉµ ±µ³¶µ´¥´ÉÒ Sεi ¢¸¥Ì ²µ¦´ÒÌ ·¥Ï¥´¨° (Sε1 , S
ε
2 , S

ε
3) Ö¢²ÖÕÉ¸Ö

¸µ¡¸É¢¥´´Ò³¨ ËÊ´±Í¨Ö³¨ µ¶¥· Éµ·  Ps, µÉ¢¥Î ÕÐ¨³¨ µ¤´µ³Ê ¨ Éµ³Ê ¦¥
¸µ¡¸É¢¥´´µ³Ê Î¨¸²Ê ps = 1 ¨ ¶·¨´ ¤²¥¦ Ð¨³¨ ³´µ¦¥¸É¢Ê Sε. ‘²¥¤µ¢ É¥²Ó´µ,
¢ ¶µ¤¶·µ¸É· ´¸É¢¥ Uε Ê· ¢´¥´¨Ö ” ¤¤¥¥¢  (233) ¨²¨ (236) ´¥ ³µ£ÊÉ ¨³¥ÉÓ
²µ¦´ÒÌ ·¥Ï¥´¨°.

ˆ¸¶µ²Ó§ÊÖ ÔÉµÉ Ë ±É, ¢Ò¢µ¤¨³ ¨§ Ê· ¢´¥´¨° ” ¤¤¥¥¢  ³µ¤¨Ë¨Í¨·µ¢ ´´Ò¥
Ê· ¢´¥´¨Ö, ´¥ ¨³¥ÕÐ¨¥ ²µ¦´ÒÌ ·¥Ï¥´¨°. ’ ± ± ± Uε Ö¢²Ö¥É¸Ö µ·Éµ£µ´ ²Ó-
´Ò³ ¤µ¶µ²´¥´¨¥³ Sε ¤µ Aε, Éµ ±µ³¶µ´¥´ÉÒ ²Õ¡µ£µ ´¥É·¨¢¨ ²Ó´µ£µ ·¥Ï¥´¨Ö
Ê· ¢´¥´¨° (233) ¶·¥¤¸É ¢¨³Ò ¢ ¢¨¤¥ ¸Ê³³ ¨Ì ¶·µ¥±Í¨° ´  ÔÉ¨ ¶µ¤¶·µ¸É· ´-
¸É¢ :

Ψε
i = Pu Ψε

i + Ps Ψε
i , i = 1, 2, 3. (283)

ˆ¸¶µ²Ó§µ¢ ¢ ÔÉµ ¶·¥¤¸É ¢²¥´¨¥, ¤µ± ¦¥³ µÉ ¶·µÉ¨¢´µ£µ, ÎÉµ

3∑
k=1

Pu Ψε
k 6= 0 ,

3∑
k=1

PsΨε
k = 0 . (284)

�Ê¸ÉÓ ¶·¨ ²Õ¡µ³ i = 1, 2, 3 ¨ ´¥±µÉµ·ÒÌ ´¥´Ê²¥¢ÒÌ ËÊ´±Í¨ÖÌ Ri ∈ Sε

3∑
k=1

〈ri|PuΨε
k(rk)〉 = 0 ,

3∑
k=1

〈ri|Ps Ψε
k(rk)〉 = Ri .
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‡ ³¥´¨³ ¢ ÔÉ¨Ì ¶·¥¤¶µ² £ ¥³ÒÌ · ¢¥´¸É¢ Ì ËÊ´±Í¨¨ Ψε
i ¨ Ri ¨Ì £¨¶¥·¸Ë¥-

·¨Î¥¸±¨³¨ ·Ö¤ ³¨ É¨¶  (65):

Ψε
i (ri) =

∑
L

∑
ab

Ψ`
iLab(r)Y

`m
Lab(Ωi), Ri(ri) =

∑
L

∑
ab

R`iLab(r)Y
`m
Lab(Ωi) ,

  µ¶¥· Éµ·Ò Ps ¨ Pu ¶·¥¤¸É ¢¨³ ¢ ¢¨¤¥ (281). �µ²ÊÎ¥´´Ò¥ ¸µµÉ´µÏ¥´¨Ö
¸¶·µ¥±É¨·Ê¥³ ´  £¨¶¥·¸Ë¥·¨Î¥¸±¨° ¡ §¨¸ ¸ ¶µ³µÐÓÕ Ëµ·³Ê² (145). ’ ±¨³
µ¡· §µ³, ¤²Ö ± ¦¤µ£µ Ë¨±¸¨·µ¢ ´´µ£µ L ¨³¥¥³ ¸¨¸É¥³Ê Ê· ¢´¥´¨°

Ψ`
iLab +

∑
k 6=i

∑
a′b′

〈ab|K(γki)|a′b′〉L`Ψ`
kLa′b′ =

{
0, L /∈ D
R`iLab, L ∈ D, (285)

£¤¥ a ¨ b ¶·¨´¨³ ÕÉ ¢¸¥ §´ Î¥´¨Ö, ¢µ§³µ¦´Ò¥ ¶·¨ ¤ ´´ÒÌ L ¨ `. …¸²¨ L /∈ D,
Éµ µ¤´µ·µ¤´ Ö ¸¨¸É¥³  (285) ¨³¥¥É ²¨ÏÓ É·¨¢¨ ²Ó´µ¥ ·¥Ï¥´¨¥, É ± ± ± ¥¥ ³ -
É·¨Í  ML ´¥ ¢Ò·µ¦¤¥´ . ‚ ¸²ÊÎ ¥ L ∈ D ´¥µ¤´µ·µ¤´ Ö ¸¨¸É¥³  (285) ¨³¥¥É
¢Ò·µ¦¤¥´´ÊÕ ³ É·¨ÍÊ ML ¨ ´¥¸µ¢³¥¸É´  ¶µ  ²ÓÉ¥·´ É¨¢¥ ”·¥¤£µ²Ó³  [2].
�µ²ÊÎ¥´´Ò¥ ¶·µÉ¨¢µ·¥Î¨Ö ¤µ± §Ò¢ ÕÉ ¸¶· ¢¥¤²¨¢µ¸ÉÓ ¸µµÉ´µÏ¥´¨° (284).

�¡µ§´ Î¨³ Uεi ≡ PuΨε
i . ‘ ¶µ³µÐÓÕ · ¢¥´¸É¢ (281)Ä(284) ¸¶·µ¥±É¨·Ê¥³

Ê· ¢´¥´¨Ö (233) ´  ¶µ¤¶·µ¸É· ´¸É¢µ Uε. ‹Õ¡µ¥ ´¥É·¨¢¨ ²Ó´µ¥ ·¥Ï¥´¨¥ ¶µ-
²ÊÎ¥´´ÒÌ ³µ¤¨Ë¨Í¨·µ¢ ´´ÒÌ Ê· ¢´¥´¨° ” ¤¤¥¥¢ 

(H0 − E)Uεi = −Pu Vi Ψε = −Pu Vi
3∑

k=1

Uεk (286)

¶·¨´ ¤²¥¦¨É ¶·µ¸É· ´¸É¢Ê Uε,   µÉ¢¥Î ÕÐ Ö ¥³Ê ¢µ²´µ¢ Ö ËÊ´±Í¨Ö Ψε =
= Uε1 + Uε2 + Uε3 ´¥ · ¢´  Éµ¦¤¥¸É¢¥´´µ ´Ê²Õ.

ˆ¸¸²¥¤µ¢ ´¨¥ µ¡Ð¨Ì ¸¢µ°¸É¢ ²µ¦´ÒÌ ·¥Ï¥´¨° § ¢¥·Ï¨³ Ëµ·³Ê²¨·µ¢-
±µ° É¥µ·¥³Ò, ¸Ê³³¨·ÊÕÐ¥° ¤µ± § ´´Ò¥ ÊÉ¢¥·¦¤¥´¨Ö (283), (284) ¨ (286), ¨
¶µÖ¸´ÖÕÐ¨³¨ § ³¥Î ´¨Ö³¨.

’¥µ·¥³  3. ‚ ±² ¸¸¥ Aε Ë ¤¤¥¥¢¸±¨¥ ±µ³¶µ´¥´ÉÒ Ψε
i ¶·¥¤¸É ¢¨³Ò ¢

¢¨¤¥ ¸Ê³³ (283) µ·Éµ£µ´ ²Ó´ÒÌ ¸² £ ¥³ÒÌ PuΨε
i ¨ PsΨε

i , ±µÉµ·Ò¥ Ê¤µ¢²¥-
É¢µ·ÖÕÉ ¸µµÉ´µÏ¥´¨Ö³ (284). ‘² £ ¥³Ò¥ Uεi ≡ Pu Ψε

i ¶µ¤Î¨´¥´Ò ¸¨¸É¥³¥
Ê· ¢´¥´¨° (286), ´¥ ¨³¥ÕÐ¥° ²µ¦´ÒÌ ·¥Ï¥´¨°.

�É³¥É¨³, ÎÉµ ´¥µ¡Ìµ¤¨³µ¥ Ê¸²µ¢¨¥ (E > 0) ¸ÊÐ¥¸É¢µ¢ ´¨Ö ²µ¦´ÒÌ ·¥Ï¥-
´¨° Ê± §Ò¢ ²µ¸Ó ¢ ¤ ¢´¥° · ¡µÉ¥ [100],   ¶·¥¤¸É ¢²¥´¨¥ (283) ¡Ò²µ ¤µ± § ´µ
¢ · ¡µÉ¥ [103] ¤·Ê£¨³, ³¥´¥¥ ´ £²Ö¤´Ò³ ¸¶µ¸µ¡µ³. ‘µ£² ¸´µ É¥·³¨´µ²µ£¨¨
ÔÉµ° · ¡µÉÒ ¶·µ¸É· ´¸É¢  Uε ¨ Sε ´ §Ò¢ ÕÉ¸Ö ¶·µ¸É· ´¸É¢ ³¨ Ë¨§¨Î¥¸±¨Ì
¨ ²µ¦´ÒÌ ·¥Ï¥´¨° Ê· ¢´¥´¨° ” ¤¤¥¥¢ . �µÔÉµ³Ê µ¸´µ¢´µ¥ ÊÉ¢¥·¦¤¥´¨¥ É¥µ-
·¥³Ò 3 ³µ¦´µ ¸Ëµ·³Ê²¨·µ¢ ÉÓ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³: Ê· ¢´¥´¨Ö ” ¤¤¥¥¢  ¢
Ë¨§¨Î¥¸±µ³ ¶·µ¸É· ´¸É¢¥ (286) ´¥ ¨³¥ÕÉ ²µ¦´ÒÌ ·¥Ï¥´¨°.

�·¨¢¥¤¥³ ¶·¨³¥·Ò ²µ¦´ÒÌ ·¥Ï¥´¨° ¨§ · ¡µÉÒ [71]. � Î´¥³ ¸ ¡µ²¥¥
µ¡Ð¥£µ ¸²ÊÎ Ö Í¥´É· ²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°. ‡ É¥³ ¶¥·¥°¤¥³ ± Î ¸É´Ò³ ¸²Ê-
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Î Ö³ S- ¨ P -¢µ²´µ¢ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°. ‚ ¸¨²Ê Ëµ·³Ê² (217)Ä(221) ¤²Ö ¶¥·¥-
Ìµ¤  µÉ Í¥´É· ²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ± b̃-¢µ²´µ¢Ò³ ´Ê¦´µ § ¶·¥É¨ÉÓ ¨´¤¥±-
¸ ³ b ¨ b′ ¶·¨´¨³ ÉÓ ¢ ¸µµÉ´µÏ¥´¨ÖÌ (276)Ä(280) §´ Î¥´¨Ö, µÉ²¨Î´Ò¥ µÉ b̃.
„²Ö S-¢µ²´µ¢ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ÔÉµÉ Ë ±É ¡Ò² ¤µ± § ´ ¢ ¶¶.3.4.2, ¢ ¸²ÊÎ ¥
P -¢µ²´µ¢ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¨³¥¥É¸Ö  ´ ²µ£¨Î´µ¥ ¤µ± § É¥²Ó¸É¢µ.

‹µ¦´Ò¥ ·¥Ï¥´¨Ö ¢ ¸²ÊÎ ¥ Í¥´É· ²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°. ‡ ³¥É¨³, ÎÉµ
Éµ²Ó±µ ¶·¨ L, ` = 0 ¨²¨ L = 2, ` = 1 ¨´¤¥±¸Ò a ¨ b £¨¶¥·£ ·³µ´¨± (54)
³µ£ÊÉ ¶·¨´¨³ ÉÓ §´ Î¥´¨Ö a, b = 0 ¨, ¸µµÉ¢¥É¸É¢¥´´µ, a, b = 1. ‚ ÔÉ¨Ì ¸²Ê-
Î ÖÌ ¨³¥¥É¸Ö Éµ²Ó±µ µ¤¨´ ±µÔËË¨Í¨¥´É �¥°´ ² Å�¥¢ ¨, µÉ²¨Î´Ò° µÉ ´Ê²Ö
¨ · ¢´Ò° ¥¤¨´¨Í¥: 〈aa|K(γki)|aa〉L` = 1. �µÔÉµ³Ê ¸¢Ö§¨ (142) ¢Ò·µ¦¤ ÕÉ¸Ö
¢ · ¢¥´¸É¢ 

Y `mLaa(Ωi) = Y `mLaa(Ωk) , `, L = 0 ; ` = 1, L = 2 , (287)

  ¢¸¥ Ô²¥³¥´ÉÒ ³ É·¨Í M0 ¨ M2 ¸¨¸É¥³ (278) · ¢´Ò ¥¤¨´¨Í¥. ˆÉ ±,

dim ML = 3, rankML = 1, L, ` = 0; L = 2, ` = 1.

‚ µ¡µ¨Ì ¸²ÊÎ ÖÌ µ¡Ð¥¥ ·¥Ï¥´¨¥ ¸¨¸É¥³ (278) É ±µ¢µ: DL
2ab ¨ DL

3ab Å ¶·µ¨§-
¢µ²Ó´Ò¥ Î¨¸² , ´¥ · ¢´Ò¥ ´Ê²Õ µ¤´µ¢·¥³¥´´µ,  

DL
1ab = −DL

2ab −DL
3ab .

�µ Ëµ·³Ê²¥ (279) ´ Ìµ¤¨³ Ë ¤¤¥¥¢¸±¨¥ ±µ³¶µ´¥´ÉÒ

SLi (ri) = r−2 JL+2(
√
Er)

(
DL

2ab(δi2 − δi1) +DL
3ab(δi3 − δi1)

)
Y `mLab(Ωi)

(288)
Î ¸É´ÒÌ ²µ¦´ÒÌ ·¥Ï¥´¨°, µ¡² ¤ ÕÐ¨Ì ¸µÌ· ´ÖÕÐ¨³¨¸Ö ±¢ ´Éµ¢Ò³¨ Î¨-
¸² ³¨ L, `,m, a, b = 0, σ = 1 ¨²¨ L = 2; `, a, b = 1; m = 0,±1, σ = 1.
� °¤¥´´Ò¥ ·¥Ï¥´¨Ö (288) ´¥ § ¢¨¸ÖÉ µÉ ³ ¸¸ Î ¸É¨Í ¨ ¢Ò·µ¦¤ ÕÉ¸Ö ¢ É·¨¢¨-
 ²Ó´Ò¥, ¥¸²¨ ¢¸¥ É·¨ Î ¸É¨ÍÒ Éµ¦¤¥¸É¢¥´´Ò¥.

„µ± ¦¥³ ÔÉµ ÊÉ¢¥·¦¤¥´¨¥. � ¶µ³´¨³, ÎÉµ ¤²Ö ²Õ¡µ£µ ¸µ¸ÉµÖ´¨Ö |ε〉 ¸¨-
¸É¥³Ò É·¥Ì Éµ¦¤¥¸É¢¥´´ÒÌ Î ¸É¨Í ±µ³¶µ´¥´ÉÒ Ë¨§¨Î¥¸±µ£µ ·¥Ï¥´¨Ö Ê· ¢-
´¥´¨° ” ¤¤¥¥¢  (233) ¶µ¤Î¨´¥´Ò ¤µ¶µ²´¨É¥²Ó´Ò³ Ê¸²µ¢¨Ö³ (238) ¨ (239).
� ²µ¦¨³  ´ ²µ£¨Î´Ò¥ Ê¸²µ¢¨Ö ¨ ´  ±µ³¶µ´¥´ÉÒ ²µ¦´µ£µ ·¥Ï¥´¨Ö: ¶Ê¸ÉÓ

Sεi (xi,yi) = ±Sεi (−xi,yi) ; Sεi (ri) = Sεk(rk(ri)) , ∀k 6= i = 1, 2, 3. (289)

ˆ¸¶µ²Ó§ÊÖ · ¢¥´¸É¢  (287), ¶µ± §Ò¢ ¥³, ÎÉµ Ê¸²µ¢¨Ö³ ¸¨³³¥É·¨¨ (289) Ê¤µ-
¢²¥É¢µ·ÖÕÉ Éµ²Ó±µ É·¨¢¨ ²Ó´Ò¥ ²µ¦´Ò¥ ·¥Ï¥´¨Ö (288) ¸ ±µÔËË¨Í¨¥´É ³¨
DL
iab = 0, i = 1, 2, 3, ÎÉµ ¨ É·¥¡µ¢ ²µ¸Ó ¤µ± § ÉÓ.

‹µ¦´Ò¥ ·¥Ï¥´¨Ö ¢ ¸²ÊÎ ¥ S-¢µ²´µ¢ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°. ‚ ¸²ÊÎ ¥ S-¢µ²´µ-
¢ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¸µÌ· ´Ö¥É¸Ö ´ ¡µ· ±¢ ´Éµ¢ÒÌ Î¨¸¥² ε = (`,m, a, b, σ),
a = `, b = 0. �·¨ ²Õ¡ÒÌ L ¨ ` ¨´¤¥±¸Ò a, b ¨ a′, b′ ¢ Ëµ·³Ê² Ì (276)Ä(280)
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³µ£ÊÉ ¶·¨´¨³ ÉÓ ²¨ÏÓ ¸²¥¤ÊÕÐ¨¥ §´ Î¥´¨Ö: a, a′ = ` ¨ b, b′ = 0. �µÔÉµ³Ê
³ É·¨Í  ML ¸¨¸É¥³Ò (278) ¢¸¥£¤  ¨³¥¥É · §³¥·´µ¸ÉÓ, · ¢´ÊÕ É·¥³. ‚¸¥ ´¥-
¤¨ £µ´ ²Ó´Ò¥ Ô²¥³¥´ÉÒ ÔÉµ° ³ É·¨ÍÒ ´ Ìµ¤¨³ ¶µ Ëµ·³Ê²¥ (170), ¸µ£² ¸´µ
±µÉµ·µ°

ML
ki ≡ 〈`0|K(γki)|`0〉L` = (290)

= (−1)L(cos γki)
` P

(`+1/2 ,1/2)
n (− cos 2γki)

P
(`+1/2 ,1/2)
n (−1)

, n = (L − `)/2.

“¸²µ¢¨¥ (274) ¸¢µ¤¨³ ± · ¢¥´¸É¢ ³

det ML = 1− (ML
12)

2 − (ML
31)

2 − (ML
23)

2 + 2 ML
12 M

L
31 M

L
23 = 0 . (291)

�Ê¸ÉÓ ` = 0, L = 2. ’µ£¤  a, b, a′, b′ = 0. ‘ ¶µ³µÐÓÕ Ëµ·³Ê² (290) ¨
(291) ´ Ìµ¤¨³, ÎÉµ ¶·¨ ²Õ¡ÒÌ ³ ¸¸ Ì Î ¸É¨Í

rank M2 = 2; det M2 = 0; M2
ii = 1, M2

ki = cos 2γki , i, k = 1, 2, 3; k 6= i.

„ ²¥¥, ¨¸¶µ²Ó§ÊÖ ¤¢  ¸¢µ°¸É¢  ±¨´¥³ É¨Î¥¸±¨Ì Ê£²µ¢ (4),

γ12, γ31, γ23 > 0; γ23 = π − γ12 − γ31,

¶µ± §Ò¢ ¥³, ÎÉµ ¢¸¥ ·¥Ï¥´¨Ö ¸¨¸É¥³Ò (278) ¶·µ¶µ·Í¨µ´ ²Ó´Ò ·¥Ï¥´¨Õ

DL
iab = sin (L(γ23δi1 + γ31δi2 + γ12δi3)) , i = 1, 2, 3. (292)

�µ¤¸É ¢²ÖÖ ¥£µ ¢ · ¢¥´¸É¢  (279), ´ Ìµ¤¨³ É·¨ (i = 1, 2, 3) ±µ³¶µ´¥´ÉÒ ²µ¦-
´µ£µ ·¥Ï¥´¨Ö, µ¡² ¤ ÕÐ¥£µ ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨ `, a, b = 0, σ = 1 ¨ L = 2 ¨
§ ¢¨¸ÖÐ¥£µ µÉ ³ ¸¸ Î ¸É¨Í ¶µ¸·¥¤¸É¢µ³ ±¨´¥³ É¨Î¥¸±¨Ì Ê£²µ¢:

SLi (ri) = r−2 JL+2(
√
Er) Y `mLab(Ωi)×

× sin (L(γ23δi1 + γ31δi2 + γ12δi3) ) . (293)

�Ê¸ÉÓ L, ` = 1. ’µ£¤  ¢¸Õ¤Ê a, a′ = 1 ¨ b, b′ = 0. ‚ ¸¨²Ê · ¢¥´¸É¢ (290) ¨
(291) ¨³¥¥³

rankM1 = 2; detM1 = 0; M1
ii = 1, M1

ki = − cosγki, k, i = 1, 2, 3; k 6= i.

�¥Ï¥´¨¥ ¸¨¸É¥³Ò (278) ¨ µÉ¢¥Î ÕÐ¥¥ ¥³Ê ²µ¦´µ¥ ·¥Ï¥´¨¥ (279) ¶·¥¤¸É -
¢²Ö¥³ Ëµ·³Ê² ³¨ (292) ¨ (293) ¸ ¨´¤¥±¸ ³¨ L, `, a = 1, σ = −1 ¨ b = 0.

�Ê¸ÉÓ L ¨ ` ²Õ¡Ò¥, ´µ Î ¸É¨ÍÒ ¨³¥ÕÉ µ¤¨´ ±µ¢Ò¥ ³ ¸¸Ò. ’µ£¤  a, a′ = `
¨ b, b′ = 0 ¨ ∀|γki| = π/3. �µÔÉµ³Ê ¢¸¥ ´¥¤¨ £µ´ ²Ó´Ò¥ Ô²¥³¥´ÉÒ (290)
³ É·¨ÍÒ ML · ¢´Ò ¤·Ê£ ¤·Ê£Ê ¨ Ê¸²µ¢¨¥ (291) Ê¶·µÐ ¥É¸Ö: ¶·¨ ± ¦¤µ³
Ë¨±¸¨·µ¢ ´´µ³ ` µ´µ ¸¢µ¤¨É¸Ö ± ¤¨µË ´Éµ¢Ê Ê· ¢´¥´¨Õ

(−2)`−1P
(`+1/2, 1/2)
(L−`)/2 (−1) = P

(`+1/2, 1/2)
(L−`)/2 (1/2) (294)
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µÉ´µ¸¨É¥²Ó´µ L. �·¨ ` = 0 ¨²¨ ` = 1 ¨³¥¥É¸Ö ¶µ µ¤´µ³Ê ·¥Ï¥´¨Õ: L = 2 ¨²¨
L = 1,   ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ±µ³¶µ´¥´ÉÒ (293) ²µ¦´µ£µ ·¥Ï¥´¨Ö Ê¤µ¢²¥É¢µ·ÖÕÉ
Ê¸²µ¢¨Ö³ ¸¨³³¥É·¨¨ (289) ¨ ¨³¥ÕÉ ¢¨¤

SLi (ri) = (−1)L+1(
√

3/2) r−2 JL+2(
√
Er) Y `mLab(Ωi). (295)

�É³¥É¨³, ÎÉµ ¢ ¸²ÊÎ ¥ S-¢µ²´µ¢ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¶·µ¸É· ´¸É¢¥´´ Ö
Î ¸ÉÓ ¢µ²´µ¢µ° ËÊ´±Í¨¨ ±¢ ·É¥É´µ£µ ¶µ ¸¶¨´Ê (s = 3/2) · ¸¸¥Ö´¨Ö ´¥°É·µ´ 
´  ¤¥°É·µ´¥ ¢ ¸µ¸ÉµÖ´¨¨ ¸ ` = 0 ¶µ²´µ¸ÉÓÕ ¸¨³³¥É·¨Î´  [21]. ” ¤¤¥¥¢¸±¨¥
±µ³¶µ´¥´ÉÒ ÔÉµ° Î ¸É¨ ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¶µ¤Î¨´¥´Ò ¸¨¸É¥³¥ (233), ±µÉµ· Ö
¨³¥¥É ²µ¦´µ¥ ·¥Ï¥´¨¥ (295) c L = 2.

‹µ¦´Ò¥ ·¥Ï¥´¨Ö ¢ ¸²ÊÎ ¥ P -¢µ²´µ¢ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°. �Ê¸ÉÓ ¢§ ¨³µ-
¤¥°¸É¢¨Ö P Å ¢µ²´µ¢Ò¥,   ³ ¸¸Ò Î ¸É¨Í Å ¶·µ¨§¢µ²Ó´Ò. ’¥¶¥·Ó, ±·µ³¥
Î¨¸¥² `,m ¨ σ, ¸µÌ· ´Ö¥É¸Ö Î¨¸²µ b = 1,   ¨´¤¥±¸ a ³µ¦¥É ¶·¨´¨³ ÉÓ ´¥
¡µ²¥¥ É·¥Ì §´ Î¥´¨° a = `, ` ± 1 ¨, ¢µµ¡Ð¥ £µ¢µ·Ö, ´¥ ¸µÌ· ´Ö¥É¸Ö. ‘²¥¤µ-
¢ É¥²Ó´µ, ¨´¤¥±¸Ò a, b ¨ a′, b′ ¢ Ëµ·³Ê² Ì (276)Ä(280) ÔÉ¨Ì ·¥Ï¥´¨° ³µ£ÊÉ
¶·¨´¨³ ÉÓ Éµ²Ó±µ É ±¨¥ §´ Î¥´¨Ö: b, b′ = 1; a, a′ = `, `± 1. �µÔÉµ³Ê · §³¥·-
´µ¸ÉÓ ³ É·¨ÍÒ ML ¸¨¸É¥³Ò (278) ´¥ ³µ¦¥É ¡ÒÉÓ ¡µ²ÓÏ¥ ¤¥¢ÖÉ¨. ˆ¸±²ÕÎ¥´¨¥
¸µ¸É ¢²ÖÕÉ ¨¸¸²¥¤µ¢ ´´Ò° ¢ÒÏ¥ ¸²ÊÎ ° L = 2, ` = 1 ¨ ¸²ÊÎ ¨ L = 2, ` = 0 ¨
L, ` = 1. � ¸¸³µÉ·¨³ ¨Ì.

�Ê¸ÉÓ ` = 0 ¨ L = 2. ’µ£¤  a, b, a′, b′ = 1. �µ Ëµ·³Ê² ³, ¶·¨¢¥-
¤¥´´Ò³ ¢ ±´¨£¥ [25], ´ Ìµ¤¨³ ¢¸¥ ´¥¤¨ £µ´ ²Ó´Ò¥ Ô²¥³¥´ÉÒ ³ É·¨ÍÒ M2

¸¨¸É¥³Ò (278). �µ²ÊÎ ¥³ M2
ii = 1 ¨ M2

ki = cos 2γki. �É  ³ É·¨Í  ¸µ¢¶ ¤ ¥É
¸ ³ É·¨Í¥° M2, ¨¸¸²¥¤µ¢ ´´µ° · ´¥¥ ¢ ¸²ÊÎ ¥ S-¢µ²´µ¢ÒÌ ¶µÉ¥´Í¨ ²µ¢. �µ-
ÔÉµ³Ê Ëµ·³Ê²Ò (292) ¨ (293) ¢¥·´Ò ¨ ¢ · ¸¸³ É·¨¢ ¥³µ³ ¸²ÊÎ ¥, ±µ£¤  ` = 0;
a, b = 1 ¨ L = 2.

�Ê¸ÉÓ `, L = 1. ’µ£¤  a, a′ = 1 ¨ b, b′ = 0. ’¥¶¥·Ó ³ É·¨Í  M1 ¸µ¢¶ -
¤ ¥É ¸ ³ É·¨Í¥° M1, · ¸¸³µÉ·¥´´µ° ¢ÒÏ¥ ¢ ¸²ÊÎ ¥ S-¢µ²´µ¢ÒÌ ¶µÉ¥´Í¨ ²µ¢.
‡´ Î¨É Ëµ·³Ê²Ò (292) ¨ (293) ¸¶· ¢¥¤²¨¢Ò ¨ ¢ · ¸¸³ É·¨¢ ¥³µ³ ¸²ÊÎ ¥, Éµ
¥¸ÉÓ ¶·¨ a, b, `, L = 1 ¨ a = 0.

‚ µ¡µ¨Ì · ¸¸³µÉ·¥´´ÒÌ ¸²ÊÎ ÖÌ (` = 0, L = 2 ¨ `, L = 1) Î ¸É´Ò¥ ²µ¦-
´Ò¥ ·¥Ï¥´¨Ö (293) ¶·¨ · ¢´ÒÌ ³ ¸¸ Ì Î ¸É¨Í ¸¢µ¤ÖÉ¸Ö ± ¸µµÉ¢¥É¸É¢ÊÕÐ¨³
²µ¦´Ò³ ·¥Ï¥´¨Ö³ (295), ±µÉµ·Ò¥ Ê¤µ¢²¥É¢µ·ÖÕÉ Ê¸²µ¢¨Ö³ (289), µ¡¥¸¶¥-
Î¨¢ ÕÐ¨³ ¶µ²´ÊÕ  ´É¨¸¨³³¥É·¨Õ ¢µ²´µ¢µ° ËÊ´±Í¨¨ Ψε. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³
§ ³¥Î ´¨¥³ · ¸¸³µÉ·¨³ ¸¨¸É¥³Ê ¨§ É·¥Ì ´¥°É·µ´µ¢ ¢ ¸µ¸ÉµÖ´¨¨ ¸ ` = 1,
s = 3/2 ¨ ¶µ²´Ò³ ³µ³¥´Éµ³ (j = l + s), · ¢´Ò³ 5/2. ‚ É ±µ³ ¸µ¸ÉµÖ´¨¨
´¥°É·µ´Ò ¢§ ¨³µ¤¥°¸É¢ÊÕÉ Éµ²Ó±µ ¶µ¸·¥¤¸É¢µ³ P -¢µ²´µ¢ÒÌ ¶µÉ¥´Í¨ ²µ¢,  
¶·µ¸É· ´¸É¢¥´´ Ö Î ¸ÉÓ ¨Ì ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¶µ²´µ¸ÉÓÕ  ´É¨¸¨³³¥É·¨Î´ .
…¥ Ë ¤¤¥¥¢¸±¨¥ ±µ³¶µ´¥´ÉÒ ¶µ¤Î¨´¥´Ò ¸¨¸É¥³¥ (233), ±µÉµ· Ö ¨³¥¥É ²µ¦´µ¥
·¥Ï¥´¨¥ (295) c L = 1.

4.2. �·¨³¥·Ò ÉµÎ´ÒÌ Ë¨§¨Î¥¸±¨Ì ·¥Ï¥´¨° ¨ ¨Ì ²µ¦´ÒÌ ¸² £ ¥³ÒÌ. ‚
¶. 4.2 · ¸¸³ É·¨¢ ¥É¸Ö ¸¨¸É¥³  É·¥Ì Éµ¦¤¥¸É¢¥´´ÒÌ ¡µ§µ´µ¢ ¸ S-¢µ²´µ¢Ò³¨
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¢§ ¨³µ¤¥°¸É¢¨Ö³¨ µ¸Í¨²²ÖÉµ·´µ£µ, § ¶¨· ÕÐ¥£µ ¨ Í¥´É·µ¡¥¦´µ£µ É¨¶µ¢. ’ -
±¨¥ ¢§ ¨³µ¤¥°¸É¢¨Ö µ¶¨¸Ò¢ ÕÉ¸Ö Ëµ·³Ê² ³¨ (217)Ä(219), ¢ ±µÉµ·ÒÌ b = 0 ¨,
¸µµÉ¢¥É¸É¢¥´´µ,

V (x) = (ωx)2/6 = (ω r cosϕ)2/6, ω, x ∈ R1
+, (296)

V (x)→∞, x→∞, (297)

V (x) = αx−2 = α(r cosϕ)−2, |α|, x ∈ R1
+. (298)

‘²ÊÎ ° µ¸Í¨²²ÖÉµ·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°. ‚ · ¡µÉ¥ [106] ”· ¥·, ƒ¨¡¸µ´ ¨
�¥°´ ¨¸¸²¥¤µ¢ ²¨ ¸É·µ¥´¨¥ Ë ¤¤¥¥¢¸±µ° ±µ³¶µ´¥´ÉÒ Ψε

1 ¢µ²´µ¢µ° ËÊ´±Í¨¨

Ψε(r) = (1 + P+ + P−)Ψε
1(r), r ≡ r1, P

± = K(±π/3) (299)

µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ε = (`,m, σ, a, b); `,m, a, b = 0, σ = 1, É·¥Ì Éµ¦¤¥¸É¢¥´-
´ÒÌ ¡µ§µ´µ¢ ¸ S-¢µ²´µ¢Ò³¨ ¶µÉ¥´Í¨ ² ³¨ (296). ‚ ÔÉµ³ ¸²ÊÎ ¥ Ê· ¢´¥´¨¥
˜·¥¤¨´£¥·  (223) ¤²Ö ¢µ²´µ¢µ° ËÊ´±Í¨¨ (299) ¸¢µ¤¨É¸Ö ± Ê· ¢´¥´¨Õ ¸ · §-
¤¥²ÖÕÐ¨³¨¸Ö ¶¥·¥³¥´´Ò³¨ x ¨ y:(

x−2∂x(x
2∂x) + y−2∂y(y

2∂y)− ω2(x2 + y2)/4 + E
)
Ψε(r) = 0 , (300)

  Ê· ¢´¥´¨¥ ” ¤¤¥¥¢  (236) ¤²Ö ±µ³¶µ´¥´ÉÒ Ψε
1 ¨³¥¥É ¢¨¤

6(4x +4y + E)Ψε
1(x, y) = (ωx)2Ψε(r). (301)

�µ¤¸É ¢¨¢ ¨§¢¥¸É´µ¥ ÉµÎ´µ¥ ·¥Ï¥´¨¥ [113] Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥·  (300)

Ψε(r) = 3 exp(−ωr2/2) , E = 3ω, (302)

¢ Ê· ¢´¥´¨¥ ” ¤¤¥¥¢  (301),  ¢Éµ·Ò ¢Ò¢¥²¨ Ê· ¢´¥´¨¥

2(4x +4y + 3ω)Ψε
1(x, y) = (ωx)2 exp(−ωr2/4) . (303)

�µ µ¶·¥¤¥²¥´¨Õ µ¡· § (299) ·¥Ï¥´¨Ö ÔÉµ£µ Ê· ¢´¥´¨Ö ¤µ²¦¥´ ¸µ¢¶ ¤ ÉÓ ¸
ÉµÎ´µ° ¢µ²´µ¢µ° ËÊ´±Í¨¥° (302). �µÔÉµ³Ê ¢ ¨¸¶µ²Ó§µ¢ ´´µ³ ¤ ²¥¥  ´§ Í¥

Ψε
1(x

2, y2) = exp(−ωr2/4) + S(x2, y2) (304)

´  ¨¸±µ³ÊÕ ËÊ´±Í¨Õ S ¡Ò²µ ´ ²µ¦¥´µ ¤µ¶µ²´¨É¥²Ó´µ¥ Ê¸²µ¢¨¥:

(1 + P+ + P−)S(x2, y2) ≡ 0, ∀x, y ∈ R1
+. (305)

„ ²¥¥ ”· ¥·, ƒ¨¡¸µ´ ¨ �¥°´ § ³¥É¨²¨, ÎÉµ ¢ ¸¨²Ê Éµ¦¤¥¸É¢

P±(x2 + y2) ≡ x2 + y2, (1 + P+ + P−) (x2 − y2) ≡ 0, ∀x, y ∈ R1
+,
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ÔÉµ³Ê Ê¸²µ¢¨Õ Ê¤µ¢²¥É¢µ·ÖÕÉ ¢¸¥ ËÊ´±Í¨¨ É¨¶ 

S(x2, y2) = (ω/4) (x2 − y2)Z(s) , s ≡
√
ω/2 r . (306)

�µ¤¸É ´µ¢±µ° (304), (306)  ¢Éµ·Ò ¸¢¥²¨ Ê· ¢´¥´¨¥ (303) ± ´¥µ¤´µ·µ¤´µ³Ê
Ê· ¢´¥´¨Õ �¥¸¸¥²Ö ¤²Ö ËÊ´±Í¨¨ Z(s).

Š ± ¨§¢¥¸É´µ [8], µ¡Ð¥¥ ·¥£Ê²Ö·´µ¥ ·¥Ï¥´¨¥ É ±µ£µ ´¥µ¤´µ·µ¤´µ£µ Ê· ¢-
´¥´¨Ö ¶·¥¤¸É ¢¨³µ ¢ ¢¨¤¥ ¸Ê³³Ò µ¡Ð¥£µ ·¥Ï¥´¨Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ µ¤´µ-
·µ¤´µ£µ Ê· ¢´¥´¨Ö ¨ ²Õ¡µ£µ Î ¸É´µ£µ ·¥Ï¥´¨Ö ¨¸Ìµ¤´µ£µ Ê· ¢´¥´¨Ö. �¡-
Ð¥¥ ·¥£Ê²Ö·´µ¥ ·¥Ï¥´¨¥ µ¤´µ·µ¤´µ£µ Ê· ¢´¥´¨Ö �¥¸¸¥²Ö · ¢´µ ¶·µ¨§¢¥¤¥´¨Õ
ËÊ´±Í¨¨ �¥¸¸¥²Ö Jν µ¶·¥¤¥²¥´´µ£µ ¶µ·Ö¤±  ´  ¶·µ¨§¢µ²Ó´ÊÕ ¶µ¸ÉµÖ´´ÊÕ λ,
  Î ¸É´µ¥ ·¥Ï¥´¨¥ ´¥µ¤´µ·µ¤´µ£µ Ê· ¢´¥´¨Ö �¥¸¸¥²Ö ¤ ¥É¸Ö ¸¢¥·É±µ° ËÊ´±-
Í¨¨ ƒ·¨´  ¸ ¥£µ ¶· ¢µ° Î ¸ÉÓÕ.

ˆ¸¶µ²Ó§µ¢ ¢ µ¶¨¸ ´´µ¥ ¢ÒÏ¥ ¶·¥¤¸É ¢²¥´¨¥ ËÊ´±Í¨¨ Z ¨  ´§ Í (306),
”· ¥·, ƒ¨¡¸µ´ ¨ �¥°´ ¢¶¥·¢Ò¥ ´ Ï²¨ Ö¢´µ¥ ¢Ò· ¦¥´¨¥:

S(x2, y2) =
(

(x2 − y2)/ωr4
)(

λJ4(t) + (307)

+ π

∫ t

0

ds s3 exp(−s2)(Y4(t)J4(s)− J4(t)Y4(s))
)
, t ≡

√
3ω r,

¤²Ö ´¥µ¡ÒÎ´µ£µ ¸² £ ¥³µ£µ S Ë ¤¤¥¥¢¸±µ° ±µ³¶µ´¥´ÉÒ (304) ¨ ´ §¢ ²¨ ÔÉµ
¸² £ ¥³µ¥ ²µ¦´Ò³. •µÉÖ ²µ¦´µ¥ ¸² £ ¥³µ¥ (307) µ¶·¥¤¥²¥´µ ´¥µ¤´µ§´ Î´µ,
¶·¨ ²Õ¡µ³ §´ Î¥´¨¨ ¶ · ³¥É·  λ µ´µ ´¥ ¤ ¥É, ¢ ¸¨²Ê · ¢¥´¸É¢a (305), ´¨-
± ±µ£µ ¢±² ¤  ¢ ¢µ²´µ¢ÊÕ ËÊ´±Í¨Õ (299). Š·µ³¥ Éµ£µ, ²µ¦´µ¥ ¸² £ ¥³µ¥
¨³¥¥É ³¥¤²¥´´µ Ê¡Ò¢ ÕÐÊÕ ¨ µ¸Í¨²²¨·ÊÕÐÊÕ ¶·¨ r → ∞  ¸¨³¶ÉµÉ¨±Ê.
„·Ê£¨³¨ ¸²µ¢ ³¨, Ë ¤¤¥¥¢¸±µ³Ê Ê· ¢´¥´¨Õ (301) ¨²¨ (303) Ê¤µ¢²¥É¢µ·Ö¥É
µ¤´µ¶ · ³¥É·¨Î¥¸±µ¥ (Ψε

1 = Ψε
1(x, y;λ)) ³´µ¦¥¸É¢µ ·¥Ï¥´¨° (304), (307) ¸

µ¸Í¨²²¨·ÊÕÐ¨³¨  ¸¨³¶ÉµÉ¨± ³¨. �¤´ ±µ ²Õ¡µ³Ê Ô²¥³¥´ÉÊ ÔÉµ£µ ³´µ¦¥¸É¢ 
µÉ¢¥Î ¥É Éµ²Ó±µ µ¤´µ ·¥Ï¥´¨¥ (302) Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥·  (300) ¸ Ô±¸¶µ-
´¥´Í¨ ²Ó´µ Ê¡Ò¢ ÕÐ¥°  ¸¨³¶ÉµÉ¨±µ°. Š ± µÉ³¥É¨²¨ ”· ¥·, ƒ¨¡¸µ´ ¨ �¥°´,
É ± Ö ¸¨ÉÊ Í¨Ö ¨³¥¥É ³¥¸Éµ ²¨ÏÓ ¢ · ¸¸³µÉ·¥´´µ³ ¨³¨ ±µ´±·¥É´µ³ ¸²ÊÎ ¥,  
¢µ¶·µ¸ µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ²µ¦´ÒÌ ¸² £ ¥³ÒÌ Ë ¤¤¥¥¢¸±¨Ì ±µ³¶µ´¥´É ¢ µ¡Ð¥³
¸²ÊÎ ¥ É·¥¡Ê¥É ¸¶¥Í¨ ²Ó´ÒÌ ¨¸¸²¥¤µ¢ ´¨°.

‘²ÊÎ ° ¶·µ¨§¢µ²Ó´ÒÌ § ¶¨· ÕÐ¨Ì ¢§ ¨³µ¤¥°¸É¢¨°. ‚Ò¢µ¤Ò ”· ¥· , ƒ¨¡-
¸µ´  ¨ �¥°´  ¡Ò²¨ µ¡µ¡Ð¥´Ò  ¢Éµ·µ³ ¢ · ¡µÉ¥ [57], ¢ ±µÉµ·µ° Ê¤ ²µ¸Ó
¤µ± § ÉÓ, ÎÉµ ²µ¦´Ò¥ ¸² £ ¥³Ò¥ Ë ¤¤¥e¢¸±¨Ì ±µ³¶µ´¥´É ¸ÊÐ¥¸É¢ÊÕÉ ¤²Ö ¸¢Ö-
§ ´´ÒÌ ¸µ¸ÉµÖ´¨° ¸ ` = 0 É·¥Ì Éµ¦¤¥¸É¢¥´´ÒÌ ¡µ§µ´µ¢ ¸ ¶·µ¨§¢µ²Ó´Ò³¨
S-¢µ²´µ¢Ò³¨ § ¶¨· ÕÐ¨³¨ ¶µÉ¥´Í¨ ² ³¨ (297). ’ ±µ¥ µ¡µ¡Ð¥´¨¥ ´¥µ¡Ìµ-
¤¨³o ¶µ ¸²¥¤ÊÕÐ¨³ ¶·¨Î¨´ ³.

Š ± ¨§¢¥¸É´µ [19], É·¥ÌÎ ¸É¨Î´µ¥ Ê· ¢´¥´¨¥ ˜·¥¤¨´£¥·  ¸ ±µ´Ë °´³¥´É-
¶µÉ¥´Í¨ ² ³¨ (297) ¨³¥¥É Éµ²Ó±µ ¶µ²µ¦¨É¥²Ó´Ò¥ ¸µ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö
(E > 0),   µÉ¢¥Î ÕÐ¨¥ ÔÉ¨³ §´ Î¥´¨Ö³ ¸µ¡¸É¢¥´´Ò¥ ËÊ´±Í¨¨ ¶·¨´ ¤²¥¦ É



1638 �“�›˜…‚ ‚.‚.

±² ¸¸Ê L2(R6). �¤´ ±µ É¥µ·¥³  o ¸ÊÐ¥¸É¢µ¢ ´¨¨ ¨ ¥¤¨´¸É¢¥´´µ¸É¨ ·¥Ï¥´¨°
Ê· ¢´¥´¨° ” ¤¤¥¥¢  ¢ ¸²ÊÎ ¥ ¶ ·´ÒÌ ¶µÉ¥´Í¨ ²µ¢, · ¸ÉÊÐ¨Ì ´  ¡µ²ÓÏ¨Ì
· ¸¸ÉµÖ´¨ÖÌ, ´¥ ¤µ± § ´  [21] ´¨ ¢ ± ±µ³ ±² ¸¸¥ ËÊ´±Í¨°. �µ²¥¥ Éµ£µ,  ¸¨³¶-
ÉµÉ¨±¨ ¢µ§³µ¦´ÒÌ ·¥Ï¥´¨° ÔÉ¨Ì Ê· ¢´¥´¨° ´¥¨§¢¥¸É´Ò.

‚ ¸¨²Ê ¶¥·¥Î¨¸²¥´´ÒÌ Ë ±Éµ¢ ¤²Ö ±µ´Ë °´³¥´É-¶µÉ¥´Í¨ ²µ¢ ¸Éµ¨É ¨¸-
¸²¥¤µ¢ ÉÓ ¸É·µ¥´¨¥ Ë ¤¤¥¥¢¸±¨Ì ±µ³¶µ´¥´É ¢ ¡µ²¥¥ Ï¨·µ±µ³ ±² ¸¸¥ ËÊ´±Í¨°
Aε, Î¥³ ±² ¸¸ ±¢ ¤· É¨Î´µ-¨´É¥£·¨·Ê¥³ÒÌ ËÊ´±Í¨° L2(R6). �·¨ É ±µ³ ¨¸-
¸²¥¤µ¢ ´¨¨ ¤µ¸É ÉµÎ´µ µ£· ´¨Î¨ÉÓ¸Ö ¶µ¨¸±µ³ ¢¸¥Ì Ë ¤¤¥¥¢¸±¨Ì ±µ³¶µ´¥´É,
±µÉµ·Ò³ µÉ¢¥Î ¥É ±¢ ¤· É¨Î´µ-¨´É¥£·¨·Ê¥³ Ö ¢µ²´µ¢ Ö ËÊ´±Í¨Ö ¸ ¶µ²µ¦¨-
É¥²Ó´µ° ¶µ²´µ° Ô´¥·£¨¥°. �·¨³¥·µ³ Éµ£µ, ± ± ÔÉµ ³µ¦´µ ¸¤¥² ÉÓ, Ö¢²Ö¥É¸Ö
· ¡µÉ  [57]. ˆ§²µ¦¨³ ¥¥ µ¸´µ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ.

� ¶µ³´¨³, ÎÉµ ¢ ¸²ÊÎ ¥ S-¢µ²´µ¢ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¡¨¸Ë¥·¨Î¥¸± Ö ±µ³-
¶µ´¥´É  U ` ¨ £¨¶¥·¸Ë¥·¨Î¥¸±¨¥ ±µ³¶µ´¥´ÉÒ U `L ¢µ²´µ¢µ° ËÊ´±Í¨¨ (260),
(268) É·¥Ì Éµ¦¤¥¸É¢¥´´ÒÌ ¡µ§µ´µ¢ ¶µ¤Î¨´¥´Ò Ê· ¢´¥´¨Ö³ (257) ¨ (267).
ˆ¸¸²¥¤Ê¥³ ¸É·µ¥´¨¥ µ¡Ð¨Ì ·¥£Ê²Ö·´ÒÌ ·¥Ï¥´¨° ÔÉ¨Ì Ê· ¢´¥´¨° ¢ ¸²ÊÎ ¥
E > ` = 0, ¶µ±  ´¥ ±µ´±·¥É¨§¨·ÊÖ Ëµ·³Ê § ¶¨· ÕÐ¥£µ ¶µÉ¥´Í¨ ² . �·¥¦¤¥
¢¸¥£µ § ³¥É¨³, ÎÉµ ¶·¨ ` = 0, ¸µ£² ¸´µ µ¶·¥¤¥²¥´¨Õ (79),

W̃L00(ϕ) = (2/
√
π) sin(L+ 2)ϕ , L = 0, 2, ..., (308)

  · §²µ¦¥´¨¥ (262) ¸É ´µ¢¨É¸Ö ¤¨¸±·¥É´Ò³ ¶·¥µ¡· §µ¢ ´¨¥³ ”Ê·Ó¥ [3]:

U0(r, ϕ) = (2
√
π)

∞∑
L=0

U0
L(r) sin(L+ 2)ϕ . (309)

�µ Ëµ·³Ê² ³ (264) ¨ (265) ´ Ìµ¤¨³

S0
L = 1 + 4

sin(L+ 2)π/3

(L+ 2) sin 2π/3
, L = 0, 2, ... , (310)

S0
0 = 1, S0

2 = 0, S0
L 6= 0, ∀L > 2.

’ ± ± ± S0
2 = 0, Éµ ¶·¨ ²Õ¡µ³ ¶µÉ¥´Í¨ ²¥ V ¸¨¸É¥³  Ê· ¢´¥´¨° (267) · ¸¶ -

¤ ¥É¸Ö ´  ¸¨¸É¥³Ê (L = 0, 4, 6, ...) Ê· ¢´¥´¨°

(∂2
r + r−1∂r − (L+ 2)2r−2 + E)U0

L(r) = R0
L(r) ≡

∑
L′ 6=2

V LL
′

00 (r)S0
L′ U

0
L′(r),

(311)
´¥ ¸µ¤¥·¦ ÐÊÕ ËÊ´±Í¨Õ U0

2 , ¨ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸µµÉ´µÏ¥´¨¥

(∂2
r + r−1∂r − 16r−2 + E)U0

2 (r) = R0
2(r) ≡

∑
L′ 6=2

V 2L′

00 (r)S0
L′ U

0
L′(r), (312)

µ¶·¥¤¥²ÖÕÐ¥¥ ËÊ´±Í¨Õ U0
2 Î¥·¥§ ¢¸¥ µ¸É ²Ó´Ò¥ ËÊ´±Í¨¨ U0

L ¸ ¨´¤¥±¸ ³¨
L 6= 2. ‡ ³¥´µ°  ·£Ê³¥´É  t ≡ r

√
E ¸¢¥¤¥³ ÔÉµ ¸µµÉ´µÏ¥´¨¥ ± ´¥µ¤´µ-
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·µ¤´µ³Ê Ê· ¢´¥´¨Õ �¥¸¸¥²Ö. �¡Ð¥¥ ·¥£Ê²Ö·´µ¥ ¢ ´Ê²¥ ·¥Ï¥´¨¥ U0
2 (t) ¶µ-

²ÊÎ¥´´µ£µ Ê· ¢´¥´¨Ö ¸µ¤¥·¦¨É µ¡Ð¥¥ ·¥£Ê²Ö·´µ¥ ·¥Ï¥´¨¥ λJ4(t) ¸µµÉ¢¥É-
¸É¢ÊÕÐ¥£µ µ¤´µ·µ¤´µ£µ Ê· ¢´¥´¨Ö ¨ Î ¸É´µ¥ ·¥Ï¥´¨¥ ¨¸Ìµ¤´µ£µ Ê· ¢´¥´¨Ö.
�µÔÉµ³Ê ¶·¨ E > 0 Ê· ¢´¥´¨¥ (312) ¨³¥¥É µ¤´µ¶ · ³¥É·¨Î¥¸±µ¥ ³´µ¦¥¸É¢µ
·¥Ï¥´¨° ¸ ¶ · ³¥É·µ³ λ ¨ µ¸Í¨²²¨·ÊÕÐ¥° ¶·¨ r →∞  ¸¨³¶ÉµÉ¨±µ°:

U0
2 (r;λ) = λJ4(t) + (313)

+ (π/2)

∫ r

0

ds s (Y4(t)J4(s)− J4(t)Y4(s) ) R0
2(s/
√
E) , t = r

√
E .

‘²¥¤µ¢ É¥²Ó´µ, µ¡Ð¥¥ ·¥Ï¥´¨¥ (309) Ê· ¢´¥´¨Ö (257) É ±¦¥ § ¢¨¸¨É µÉ ¶ · -
³¥É·  λ ¨ ¶·¥¤¸É ¢¨³µ ¢ ¢¨¤¥ ¸Ê³³Ò Ë¨§¨Î¥¸±µ£µ (§ ±²ÕÎ¥´´µ£µ ¢ ¸±µ¡±¨) ¨
²µ¦´µ£µ ¸² £ ¥³ÒÌ:

U0(r, ϕ) = (2/
√
π)

∑
L 6=2

U0
L(r) sin(L + 2)ϕ

+ (2/
√
π)U0

2 (r;λ) sin 4ϕ.

(314)
’ ±µ¥ ¶·¥¤¸É ¢²¥´¨¥ ¶µ·µ¦¤ ¥É ¸²¥¤ÊÕÐ¥¥ · §¡¨¥´¨¥ ± ¦¤µ° (i = 1, 2, 3)
Ë ¤¤¥¥¢¸±µ° ±µ³¶µ´¥´ÉÒ (261):

Ψε
i (ri;λ) =

 4√
πr2

∞∑
L 6=2

U0
L(r)

sin (L+ 2)ϕi
sin 2ϕi

+
8√
πr2

U0
2 (r; λ) cos 2ϕi.

(315)
‡¤¥¸Ó ¸² £ ¥³Ò¥, § ±²ÕÎ¥´´Ò¥ ¢ ¸±µ¡±¨, Å Ë¨§¨Î¥¸±¨¥,   ¢Éµ·Ò¥ ¸² -

£ ¥³Ò¥ Å ²µ¦´Òe. „¥°¸É¢¨É¥²Ó´µ, ¢ ¸¨²Ê · ¢¥´¸É¢  S0
2 = 0 µ´¨ ´¥ ¤ ÕÉ

´¨± ±µ£µ ¢±² ¤  ¢ £¨¶¥·¸Ë¥·¨Î¥¸±µ¥ · §²µ¦¥´¨¥ (268) ¢µ²´µ¢µ° ËÊ´±Í¨¨:

Ψε(ri) =
4√
πr2

(
3U0

0 (r) +

∞∑
L=4

S0
LU

0
L(r)

sin (L+ 2)ϕi
sin 2ϕi

)
. (316)

� ¸¸³µÉ·¨³ ¢ ± Î¥¸É¢¥ ¨²²Õ¸É·¨·ÊÕÐ¥£µ ¶·¨³¥·  Î ¸É´Ò° ¸²ÊÎ ° µ¸Í¨²-
²ÖÉµ·´ÒÌ ±µ´Ë °´³¥´É-¶µÉ¥´Í¨ ²µ¢ (296). �·¨³¥´¨¢ Ëµ·³Ê²Ò (216), (266),
(308) ¨ Éµ¦¤¥¸É¢µ

2 cos2 ϕ sin(L+ 2)ϕ ≡ sin(L+ 4)ϕ− sinLϕ ,

¢ÒÎ¨¸²¨³ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ É ±¨Ì ¶µÉ¥´Í¨ ²µ¢:

V LL
′

00 (r) = ±(ωr2) δL′,L±2/12 .

’ ± ± ± V LL
′

00 = 0 ¶·¨ L′ 6= L ± 2 ¨ S0
2 = 0, Éµ ¸¨¸É¥³  Ê· ¢´¥´¨° (311)

· ¸Ð¥¶²Ö¥É¸Ö ´  µ¤´µ·µ¤´µ¥ Ê· ¢´¥´¨¥ ¤²Ö ËÊ´±Í¨¨ U0
0 :(

∂2
r + r−1∂r − 4r−2 + E − (ωr)2/4

)
U0

0 (r) = 0, (317)
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¨ ¸¨¸É¥³Ê (L = 4, 6, ...) § Í¥¶²ÖÕÐ¨Ì¸Ö Ê· ¢´¥´¨°, ´¥ ¸µ¤¥·¦ Ð¨Ì ËÊ´±Í¨°
U0

0 ¨ U0
2 :

24
(
∂2
r + r−1∂r − (L+ 2)2r−2 + E

)
U0
L(r) = (ωr)2

∑
L′=L±2

S0
L′ U

0
L′(r).

(318)
�µ Éµ° ¦¥ ¶·¨Î¨´¥ ¸µµÉ´µÏ¥´¨¥ (312) ¶·¨´¨³ ¥É ¢¨¤

24
(
∂2
r + r−1∂r − 16r−2 + E

)
U0

2 (r) = (ωr)2
(
3U0

0 (r) + U0
6 (r)

)
. (319)

�µ¸É·µ¨³ ·¥Ï¥´¨Ö ¸¨¸É¥³Ò Ê· ¢´¥´¨° (317)Ä(319). Š ± ¨§¢¥¸É´µ [8],
Ê· ¢´¥´¨¥ (317) ¢ ±² ¸¸¥ ËÊ´±Í¨° L2(R1

+) ¨³¥¥É ¸Î¥É´µ¥ (p = 0, 1, ...) ³´µ-
¦¥¸É¢µ ·¥Ï¥´¨°, ¶·¨Î¥³ ± ¦¤µ³Ê ¸µ¡¸É¢¥´´µ³Ê §´ Î¥´¨Õ E = Ep µÉ¢¥Î ¥É
µ¤´  ¸µ¡¸É¢¥´´ Ö ËÊ´±Í¨Ö, ¸µ¤¥·¦ Ð Ö ¶µ²¨´µ³ ‹Ö££¥·  L2

p:

E = Ep = (3 + 2p)ω , (320)

U0
0 (r;Ep) = r2 L2

p(s) exp(−s/2), s ≡ ωr2/2 , p = 0, 1, ...

„²Ö ± ¦¤µ£µ p ¢ ± Î¥¸É¢¥ ·¥£Ê²Ö·´µ£µ ·¥Ï¥´¨Ö ¸¨¸É¥³Ò Ê· ¢´¥´¨° (318)
¢Ò¡¥·¥³ É·¨¢¨ ²Ó´µ¥:

U0
L(r;Ep) ≡ 0 , ∀r ∈ R1

+, L = 4, 6, ... (321)

’µ£¤  ± ¦¤µ³Ê (p = 0, 1, ...) ·¥Ï¥´¨Õ (320) Ê· ¢´¥´¨Ö (317) ¡Ê¤¥É µÉ¢¥Î ÉÓ
¸¢µ¥ µ¤´µ¶ · ³¥É·¨Î¥¸±µ¥ ³´µ¦¥¸É¢µ (313) ·¥Ï¥´¨° Ê· ¢´¥´¨Ö (319):

U0
2 (r;Ep, λ) = λJ4(tp) + (322)

+ (πω2/16)

∫ r

0

ds s3
(
Y4(tp)J4(s)− J4(tp)Y4(s)

)
U0

0 (s;Ep)

¸  ·£Ê³¥´Éµ³ tp ≡ r
√
Ep ¨ ¶ · ³¥É·µ³ λ. �·¨ ¢Ò¡µ·¥ (321) Ëµ·³Ê²Ò (314)Ä

(316) § ³¥É´µ Ê¶·µÐ ÕÉ¸Ö: pÖ¤ (314) ¢Ò·µ¦¤ ¥É¸Ö ¢ ¸Ê³³Ê ¤¢ÊÌ ËÊ´±Í¨°:

U0(r, ϕ;Ep, λ) = (2/
√
π)
(
U0

0 (r;Ep) sin 2ϕ+ U0
2 (r;Ep, λ) sin 4ϕ

)
,

¢Éµ· Ö ¨Ì ´¨Ì ¶µ·µ¦¤ ¥É ²µ¦´µ¥ ¸² £ ¥³µ¥ Ë ¤¤¥¥¢¸±µ° ±µ³¶µ´¥´ÉÒ (315):

Ψε
i (ri, Ep;λ) =

4√
πr2

(
U0

0 (r;Ep) + 2U0
2 (r;Ep, λ) cos 2ϕi

)
.

„²Ö µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö (p = 0) ÔÉµ ¸² £ ¥³µ¥ ¶·µ¶µ·Í¨µ´ ²Ó´µ ²µ¦´µ³Ê
¸² £ ¥³µ³Ê (307), ´ °¤¥´´µ³Ê ”· ¥·µ³, ƒ¨¡¸µ´µ³ ¨ �¥°´µ³. ‚µ²´µ¢ Ö ËÊ´±-
Í¨Ö (316) p-¸µ¸ÉµÖ´¨Ö,

Ψε(ri;Ep) = (2/3
√
π)U0

0 (r;Ep),
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¸ ÉµÎ´µ¸ÉÓÕ ¤µ ´µ·³¨·µ¢µÎ´µ£µ ³´µ¦¨É¥²Ö ¸µ¢¶ ¤ ¥É ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¥° ¢µ²-
´µ¢µ° ËÊ´±Í¨¥°, ¶µ²ÊÎ¥´´µ° ·¥Ï¥´¨¥³ Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥·  (223) ³¥Éµ¤µ³
£¨¶¥·£ ·³µ´¨± [114].

’¥¶¥·Ó ´  ¶·¨³¥·¥ Ê· ¢´¥´¨Ö (257) ¸ ´¥±µÉµ·Ò³ § ¶¨· ÕÐ¨³ ¶µÉ¥´-
Í¨ ²µ³ (297) ¨ E > ` = 0 ¶µÖ¸´¨³ ¸¶µ¸µ¡Ò, ¶µ§¢µ²ÖÕÐ¨¥, ¢ ¶·¨´Í¨¶¥,
¨§¡ ¢¨ÉÓ¸Ö µÉ ²µ¦´ÒÌ ¸² £ ¥³ÒÌ, ¨ ¶·µ ´ ²¨§¨·Ê¥³, ± ±¨³ µ¡· §µ³ ¶·¨ Î¨-
¸²¥´´µ³ ·¥Ï¥´¨¨ ÔÉµ£µ Ê· ¢´¥´¨Ö ¸µ ¸É ´¤ ·É´Ò³ £· ´¨Î´Ò³ Ê¸²µ¢¨¥³ ¶·µ-
¨¸Ìµ¤¨É ¢Ò¡µ·  ³¶²¨ÉÊ¤Ò λ ´¥µ¤´µ§´ Î´µ° Î ¸É¨ ²µ¦´µ£µ ¸² £ ¥³µ£µ.

‘ ³Ò° ´ ¤¥¦´Ò° ¸¶µ¸µ¡ ¨§¡ ¢¨ÉÓ¸Ö µÉ ²µ¦´µ£µ ¸² £ ¥³µ£µ µ¸´µ¢ ´ ´ 
É¥µ·¥³¥ 3. �ÉµÉ ¸¶µ¸µ¡ ·¥ ²¨§Ê¥É¸Ö ¤µ¶µ²´¥´¨¥³ Ê· ¢´¥´¨Ö (257) Ê¸²µ¢¨¥³
µ·Éµ£µ´ ²Ó´µ¸É¨ ¨¸±µ³µ£µ ·¥Ï¥´¨Ö U0 ËÊ´±Í¨¨ W̃200, µ¶¨¸Ò¢ ÕÐ¥° £¨¶¥·-
Ê£²µ¢ÊÕ § ¢¨¸¨³µ¸ÉÓ ²µ¦´µ£µ ¸² £ ¥³µ£µ:∫ π/2

0

dϕ sin 4ϕU0(r, ϕ;λ) ≡ 0 , ∀r ∈ R1
+. (323)

’ ±µ¥ Ê¸²µ¢¨¥ ´¥¸²µ¦´µ ¢±²ÕÎ¨ÉÓ ¢ ¨§¢¥¸É´Ò¥  ²£µ·¨É³Ò [59,60,88,92,93]
Î¨¸²¥´´µ£µ ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö (257).

‹µ¦´µ¥ ¸² £ ¥³µ¥ Å ´¥¨´É¥£·¨·Ê¥³ Ö ¶µ ¶¥·¥³¥´´µ° r ËÊ´±Í¨Ö. �µ-
ÔÉµ³Ê ¨§¡ ¢¨ÉÓ¸Ö µÉ ¥£µ ´¥µ¤´µ§´ Î´µ° Î ¸É¨ ¶µ§¢µ²Ö¥É § ³¥´  Ê¸²µ¢¨Ö (323)
 ²ÓÉ¥·´ É¨¢´Ò³ Ê¸²µ¢¨¥³:∫ ∞

0

dr
(
U0(r, ϕ;λ)

)2 ≡ 0 , ∀ϕ ∈ [0, π/2], (324)

¶µ·µ¦¤ ÕÐ¨³ · ¢¥´¸É¢µ λ = 0. �¤´ ±µ ÔÉµ Ê¸²µ¢¨¥, ¸Ê¦ ÕÐ¥¥ ±² ¸¸ ¨¸±µ-
³ÒÌ ·¥Ï¥´¨° U0 ¤µ ±² ¸¸  L2(R2

+) ËÊ´±Í¨°, ´¥ É ± ¶·µ¸Éµ ¢±²ÕÎ¨ÉÓ ¢ É· -
¤¨Í¨µ´´Ò¥  ²£µ·¨É³Ò Î¨¸²¥´´µ£µ ·¥Ï¥´¨Ö Ë ¤¤¥¥¢¸±¨Ì Ê· ¢´¥´¨°. �¡ÒÎ´µ
É ±¨¥ Ê· ¢´¥´¨Ö ¤²Ö § ¤ Î¨ ´  É·¥ÌÎ ¸É¨Î´µ¥ ¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ´¨¥ ·¥Ï ÕÉ¸Ö
¶·¨ §´ Î¥´¨ÖÌ ¶¥·¥³¥´´µ° r, µ£· ´¨Î¥´´ÒÌ (r ≤ R) ´¥±µÉµ·Ò³ ¤µ¸É ÉµÎ´µ
¡µ²ÓÏ¨³, ´µ ±µ´¥Î´Ò³ ¶ · ³¥É·µ³ R < ∞,   Ê¸²µ¢¨¥ (324) § ³¥´Ö¥É¸Ö É·¥-
¡µ¢ ´¨¥³

U0(r, ϕ;λ) ≡ 0 , ∀r ≥ R, ∀ϕ ∈ [0, π/2]. (325)

Ÿ¸´µ, ÎÉµ ¶·¨ ²Õ¡µ³, ´µ ±µ´¥Î´µ³ R ·¥Ï¥´¨¥ U0 Ê· ¢´¥´¨Ö (257) ¸ £· ´¨Î-
´Ò³ Ê¸²µ¢¨¥³ (325) ±¢ ¤· É¨Î´µ-¨´É¥£·¨·Ê¥³µ ¢µ ¢¸¥° µ¡² ¸É¨ R2

+. ’¥³ ´¥
³¥´¥¥ ¢ÒÎ¨¸²¥´´ Ö ËÊ´±Í¨Ö U0,   §´ Î¨É ¨ ¸µ¶µ¸É ¢²¥´´ Ö ¥° Ë ¤¤¥¥¢¸± Ö
±µ³¶µ´¥´É  (315), ¸µ¤¥·¦ É ²µ¦´Ò¥ ¸² £ ¥³Ò¥. „µ± ¦¥³ ÔÉµ ÊÉ¢¥·¦¤¥´¨¥,
· ¸¸³µÉ·¥¢ ¤¢  ¢µ§³µ¦´ÒÌ ¸²ÊÎ Ö (A) ¨ (B), ±µ£¤  Î¨¸²µ q ≡

√
ER ¸µ¢¶ -

¤ ¥É ¨²¨ ´¥ ¸µ¢¶ ¤ ¥É ¸ ± ±¨³-²¨¡µ ±µ·´¥³ ËÊ´±Í¨¨ J4:

J4(q) 6= 0 (A); J4(q) = 0 (B) . (326)

‚ ¸¨²Ê ²¨´¥°´µ° ´¥§ ¢¨¸¨³µ¸É¨ ¡ §¨¸´ÒÌ ËÊ´±Í¨° (308) ·Ö¤ (309) ¤²Ö
ËÊ´±Í¨¨ U0 µ¡· Ð ¥É¸Ö ¢ ´Ê²Ó ¶·¨ r = R Éµ£¤  ¨ Éµ²Ó±µ Éµ£¤ , ¥¸²¨ ¢¸¥
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¥£µ ±µ³¶µ´¥´ÉÒ U0
L · ¢´Ò ´Ê²Õ ¢ ÔÉµ° ÉµÎ±¥. ‘²¥¤µ¢ É¥²Ó´µ, Ê¸²µ¢¨¥ (325)

¶µ·µ¦¤ ¥É · ¢¥´¸É¢µ U0
2 (R;λ) = 0.

B ¸²ÊÎ ¥ (A) ÔÉµ · ¢¥´¸É¢µ ´¥ ¶·µÉ¨¢µ·¥Î¨É ¶·¥¤¸É ¢²¥´¨Õ (313) Éµ²Ó±µ
¶·¨ µ¤´µ³, ¢µµ¡Ð¥ £µ¢µ·Ö, µÉ²¨Î´µ³ µÉ ´Ê²Ö §´ Î¥´¨¨ ¶ · ³¥É·  λ:

λ = λ(R,E) = − π

2J4(q)

∫ R

0

ds s (Y4(q)J4(s)− J4(q)Y4(s) ) R0
2(s/
√
E).

(327)
‘²¥¤µ¢ É¥²Ó´µ, ¶·¨ ¢¸¥Ì r < R ¢ÒÎ¨¸²¥´´ Ö ËÊ´±Í¨Ö U0 ¸µ¤¥·¦¨É µ¤´µ-
§´ Î´µ µ¶·¥¤¥²¥´´µ¥ ²µ¦´µ¥ ¸² £ ¥³µ¥ λ(R,E)J4(

√
Er) sin 4ϕ. Š·µ³¥ Éµ£µ,

¥¸²¨ Î¨¸²µ q ¸É·¥³¨É¸Ö ± ± ±µ³Ê-²¨¡µ ±µ·´Õ ËÊ´±Í¨¨ �¥¸¸¥²Ö J4, Éµ ËÊ´±-
Í¨Ö λ(R,E) ´¥µ£· ´¨Î¥´´µ ¢µ§· ¸É ¥É, ÎÉµ ¶µ·µ¦¤ ¥É ´¥Ê¸Éµ°Î¨¢µ¸ÉÓ ¢ ¢Ò-
Î¨¸²Ö¥³ÒÌ §´ Î¥´¨ÖÌ ËÊ´±Í¨¨ U0.

‚ ¸²ÊÎ ¥ (B) ´¥§ ¢¨¸¨³µ µÉ §´ Î¥´¨Ö ¶ · ³¥É·  λ ¶¥·¢µ¥ ¸² £ ¥³µ¥
λJ4 ¸Ê³³Ò (313), ¶·µ¶µ·Í¨µ´ ²Ó´µ¥ §´ ³¥´ É¥²Õ ¤·µ¡¨ (327), µ¡· Ð ¥É¸Ö
¢ ´Ê²Ó ¶·¨ r = R. ‚ ¸¨²Ê Ê¸²µ¢¨Ö U0

2 (R;λ) = 0 ¢ ÔÉµ° ¦¥ ÉµÎ±¥ ´Ê²¥¢Ò³
¸É ´µ¢¨É¸Ö ¨ ¢Éµ·µ¥ (¨´É¥£· ²Ó´µ¥) ¸² £ ¥³µ¥ ÔÉµ° ¸Ê³³Ò, ¶·µ¶µ·Í¨µ´ ²Ó-
´µ¥ Î¨¸²¨É¥²Õ ¤·µ¡¨ (327). �µÔÉµ³Ê · ¸¸³ É·¨¢ ¥³ Ö ¤·µ¡Ó (327) É¥·Ö¥É
¸³Ò¸², ¶ · ³¥É· λ ³µ¦¥É ¶·¨´¨³ ÉÓ ²Õ¡Ò¥ §´ Î¥´¨Ö,   ËÊ´±Í¨Ö U0 ¶·¨
¢¸¥Ì r ≤ R ¸µ¤¥·¦¨É ¢¸¥ µ¤´µ¶ · ³¥É·¨Î¥¸±µ¥ ³´µ¦¥¸É¢µ ²µ¦´ÒÌ ¸² £ -
¥³ÒÌ É¨¶  λJ4(

√
Er) sin 4ϕ. � ¸¸³µÉ·¥´´Ò° ¸²ÊÎ ° (B) ´¥ ·¥ ²¨§Ê¥É¸Ö ´ 

¶· ±É¨±¥ ¨§-§  µÏ¨¡µ± µ±·Ê£²¥´¨Ö, ¢µ§´¨± ÕÐ¨Ì, ´ ¶·¨³¥·, ¶·¨ ¢ÒÎ¨¸²¥´¨¨
´Ê²¥° ËÊ´±Í¨¨ J4.

‚ § ±²ÕÎ¥´¨¥ ¸Ëµ·³Ê²¨·Ê¥³ ¤µ± § ´´ÊÕ  ²ÓÉ¥·´ É¨¢Ê.
’¥µ·¥³  4. ƒ· ´¨Î´µ³Ê Ê¸²µ¢¨Õ (325) c ¢Ò¡· ´´Ò³ R < ∞ µÉ¢¥Î ¥É

²¨¡µ ¥¤¨´¸É¢¥´´µ¥ ²µ¦´µ¥ ¸² £ ¥³µ¥ ¸ µ¶·¥¤¥²¥´´Ò³ Ëµ·³Ê²µ° (327) ±µÔË-
Ë¨Í¨¥´Éµ³ λ, ²¨¡µ ¢¸¥ µ¤´µ¶ · ³¥É·¨Î¥¸±µ¥ ³´µ¦¥¸É¢µ ²µ¦´ÒÌ ¸² £ ¥³ÒÌ.
�¥·¢Ò° ¸²ÊÎ ° ·¥ ²¨§Ê¥É¸Ö ¨ ¢ É¥µ·¨¨, ¨ ´  ¶· ±É¨±¥ ¶·¨ Ê¸²µ¢¨¨ (326)(A),
¢Éµ·µ° Å É¥µ·¥É¨Î¥¸±¨ ¢µ§³µ¦¥´ ¶·¨ Ê¸²µ¢¨¨ (326)(B).

‘²ÊÎ ° ¢§ ¨³µ¤¥°¸É¢¨° Í¥´É·µ¡¥¦´µ£µ É¨¶ . � ¸¸³µÉ·¨³ ¸¨¸É¥³Ê É·¥Ì
Éµ¦¤¥¸É¢¥´´ÒÌ ¡µ§µ´µ¢ ¸ S-¢µ²´µ¢Ò³¨ ¢§ ¨³µ¤¥°¸É¢¨Ö³¨ (218), (298). ˆ¸-
¸²¥¤Ê¥³ Ë ¤¤¥¥¢¸±µ¥ Ê· ¢´¥´¨¥ (257) ¸ ´¥±µÉµ·Ò³ `-³¥Éµ¤µ³ · §¤¥²¥´¨Ö ¶¥-
·¥³¥´´ÒÌ [8]. �·¥¤¶µ²µ¦¨³, ÎÉµ p2 Å ¶µ¸ÉµÖ´´ Ö · §¤¥²¥´¨Ö ¶¥·¥³¥´´ÒÌ
r ¨ ϕ,   ¨¸±µ³µ¥ ·¥Ï¥´¨¥ ¨³¥¥É ¢¨¤

U `(r, ϕ) = Zp(
√
Er)F `p (ϕ) . (328)

�µ¤¸É ¢¨¢ É ±µ°  ´§ Í ¢ Ê· ¢´¥´¨¥ (257), ¢Ò¢e¤e³ ¤¢  ´¥§ Í¥¶²ÖÕÐ¨Ì¸Ö Ê· ¢-
´¥´¨Ö: Ê· ¢´¥´¨¥ �¥¸¸¥²Ö (211) ¸ ¨´¤¥±¸µ³ ν = p ¤²Ö ËÊ´±Í¨¨ Zp(

√
Er) ¨

¨´É¥£·µ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ Ê· ¢´¥´¨¥ ¤²Ö ËÊ´±Í¨¨ F `p (ϕ):

cos2 ϕ
(
p2 − L̃2

`0

)
F `p (ϕ) = α 〈ϕ|S`|F `p 〉 . (329)
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‚ÒÖ¸´¨³, ¶·¨ ± ±¨Ì Ê¸²µ¢¨ÖÌ ÔÉµ³Ê Ê· ¢´¥´¨Õ Ê¤µ¢²¥É¢µ·Ö¥É ±µ´¥Î´ Ö ²¨-
´¥°´ Ö ±µ³¡¨´ Í¨Ö

F `p (ϕ) = F `pt(ϕ) ≡
t∑

L=`

B`L W̃L`0(ϕ) , t <∞, (330)

¸ ¶µ±  ¥Ð¥ ´¥¨§¢¥¸É´Ò³¨ ¶µ¸ÉµÖ´´Ò³¨ p ¨ B`L.
ˆ¸¶µ²Ó§ÊÖ ·¥±Ê··¥´É´Ò¥ ¸µµÉ´µÏ¥´¨Ö ¤²Ö ¶µ²¨´µ³µ¢ Ÿ±µ¡¨ ¸ ´¨¦´¨³¨

¨´¤¥±¸ ³¨ n ¨ n± 1, ¤µ± §Ò¢ ¥³ ±²ÕÎ¥¢µ¥ · §²µ¦¥´¨¥

cos2 ϕW̃L`0(ϕ) =
∑

s=0,±1

C`Ls W̃L+2s,`0(ϕ), (331)

¢ ±µÉµ·µ³ C`Ls = 0 ¶·¨ L+ 2s < `,   ¢ ¶·µÉ¨¢´µ³ ¸²ÊÎ ¥

2C`L′s ≡ δs0

(
1− `(`+ 1)

(L+ 1)(L+ 3)

)
+ (332)

+

(
n(2n+ 1)(n+ `+ 1)(L+ `+ 1)

L(L+ 2)(L+ 1)2

)1/2

,

s = 0,±1; L′ ≡ L− 2δs1; L = 2n+ 1.

�µ¤¸É ¢¨³ ¨¸±µ³ÊÕ ËÊ´±Í¨Õ (330) ¢ Ê· ¢´¥´¨¥ (329). ˆ¸¶µ²Ó§ÊÖ · ¢¥´-
¸É¢  (263), (264) ¨ (331), ¢Ò¢µ¤¨³ ¸µµÉ´µÏ¥´¨¥ p2 = (t+ 2)2, µ¶·¥¤¥²ÖÕÐ¥¥
¶µ¸ÉµÖ´´ÊÕ · §¤¥²¥´¨Ö p2 ¶¥·¥³¥´´ÒÌ r ¨ ϕ, ¨ ¸¨¸É¥³Ê ²¨´¥°´ÒÌ Ê· ¢´¥-
´¨° ¤²Ö ¨¸±µ³ÒÌ ±µÔËË¨Í¨¥´Éµ¢ B`L. „²Ö ¸Éµ²¡Í  B` ≡ (B`` , B

`
`+2, ..., B

`
t )
T ,

¸µ¸É ¢²¥´´µ£µ ¨§ É ±¨Ì ±µÔËË¨Í¨¥´Éµ¢, ÔÉÊ ¸¨¸É¥³Ê ³µ¦´µ § ¶¨¸ ÉÓ ¢ ¢¨¤¥
µ¤´µ·µ¤´µ£µ ³ É·¨Î´µ£µ Ê· ¢´¥´¨Ö:

A`(α) B` = 0 (333)

¨²¨ ¢ ¢¨¤¥ µ¡µ¡Ð¥´´µ° ¸¶¥±É· ²Ó´µ° ³ É·¨Î´µ° § ¤ Î¨:

A`(0) B` = αS` B` . (334)

�¥´Ê²¥¢Ò¥ Ô²¥³¥´ÉÒ ¤¨ £µ´ ²Ó´µ° ³ É·¨ÍÒ

diag S` =
(
S`` , S

`
`+2, ..., S

`
t

)
§ ¤ ´Ò Ëµ·³Ê² ³¨ (265),   Ô²¥³¥´ÉÒ £² ¢´µ° (s = 0), ¢¥·Ì´¥° (s = +1) ¨
´¨¦´¥° (s = −1) ¤¨ £µ´ ²¥° É·¥Ì¤¨ £µ´ ²Ó´µ° ³ É·¨ÍÒ

A`(α) = A`(0)− αS`

¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ±µÔËË¨Í¨¥´ÉÒ (265) ¨ (332) · ¢¥´¸É¢ ³¨

A`Ls ≡
(
p2 − (L+ 2s+ 2)2

)
C`L+2s,−s − αS`L δs0 , L = `, `+ 2, ..., t. (335)
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�² £µ¤ ·Ö ¨³ ³ É·¨Î´Ò° Ô²¥³¥´É A`L′0 ´¥ § ¢¨¸¨É µÉ α Éµ£¤  ¨ Éµ²Ó±µ
Éµ£¤ , ¥¸²¨ S`L′ = 0. ‚ ÔÉµ³ µ¸µ¡µ³ ¸²ÊÎ ¥ ËÊ´±Í¨Ö W̃L′`0 ¸µ£² ¸´µ · -
¢¥´¸É¢ ³ (264) ¨ (265) µÉµ¡· ¦ ¥É¸Ö µ¶¥· Éµ·µ³ S` ¢ Éµ¦¤¥¸É¢¥´´Ò° ´Ê²Ó,  
Ê· ¢´¥´¨Ö (333) µ¡· Ð ÕÉ¸Ö ¢ Éµ¦¤¥¸É¢ , ¥¸²¨ t = L′ ¨ ²¨ÏÓ µ¤¨´ ¨§ Ô²¥³¥´-
Éµ¢ ¸Éµ²¡Í  B,   ¨³¥´´µ B`L′ , µÉ²¨Î¥´ µÉ ´Ê²Ö. ‘µ£² ¸´µ  ´§ ÍÊ (328) É ±µ³Ê
¸Éµ²¡ÍÊ µÉ¢¥Î ¥É ´¥É·¨¢¨ ²Ó´µ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (257), ´¥ § ¢¨¸ÖÐ¥¥ µÉ
¶ · ³¥É·  α:

U `(r, ϕ) = B`L′ JL′+2(
√
Er) W̃L′`0(ϕ) .

…¸²¨ ÔÉµ ²µ¦´µ¥ ·¥Ï¥´¨¥ ¶µ¤¸É ¢¨ÉÓ ¢ Ëµ·³Ê²Ê (260), Éµ ¶µ²ÊÎ¨É¸Ö É·¨-
¢¨ ²Ó´ Ö ¢µ²´µ¢ Ö ËÊ´±Í¨Ö Ψε ≡ 0. Š ± µÉ³¥Î ²µ¸Ó ¢ ¶. 4.1, ¤²Ö · ¸¸³ -
É·¨¢ ¥³µ° É·¥ÌÎ ¸É¨Î´µ° ¸¨¸É¥³Ò É ± Ö ¸¨ÉÊ Í¨Ö ·¥ ²¨§Ê¥É¸Ö Éµ²Ó±µ ¶·¨
L, ` = 1 ¨²¨ L = 2, ` = 0. ‚µ ¢¸¥Ì µ¸É ²Ó´ÒÌ ¸²ÊÎ ÖÌ, ±µ£¤  § ¤ Î  (333)
¨³¥¥É ´¥É·¨¢¨ ²Ó´µ¥ ·¥Ï¥´¨¥, ¡¨¸Ë¥·¨Î¥¸±µ° ±µ³¶µ´¥´É¥ U `, µ¶·¥¤¥²¥´´µ°
Ëµ·³Ê² ³¨ (328) ¨ (330), µÉ¢¥Î ¥É É·¥ÌÎ ¸É¨Î´ Ö ¢µ²´µ¢ Ö ËÊ´±Í¨Ö (260):

Ψε(r) = r−2Zp(
√
Er)

t∑
L=`

S`LB
`
L Y

`m
L`0(Ω). (336)

�µ  ²ÓÉ¥·´ É¨¢¥ ”·¥¤£µ²Ó³  [2] ´¥É·¨¢¨ ²Ó´µ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (333),
¨³¥ÕÐ¥¥ ¢¨¤ ¸Éµ²¡Í  B` ¸ ¤¢Ê³Ö ¨ ¡µ²¥¥ ´¥´Ê²¥¢Ò³¨ Ô²¥³¥´É ³¨, ¸ÊÐ¥¸É¢Ê¥É
Éµ£¤  ¨ Éµ²Ó±µ Éµ£¤ , ¥¸²¨ ¶ · ³¥É· α Ö¢²Ö¥É¸Ö ´Ê²¥³ ¤¥É¥·³¨´ ´É  ³ É·¨ÍÒ
A`(α). ˆ§ · ¢¥´¸É¢ (335) ¸²¥¤Ê¥É, ÎÉµ ¶·¨ ²Õ¡ÒÌ ` ¨ t ¶µ¸²¥¤´¨° Ô²¥³¥´É A`t0
£² ¢´µ° ¤¨ £µ´ ²¨ ³ É·¨ÍÒ A` · ¢¥´ −αS`t ,   ¢ µ¸µ¡ÒÌ ¸²ÊÎ ÖÌ, L, ` = 1
¨ L = 2, ` = 0, ¢¥·´µ · ¢¥´¸É¢µ ∂αA

`
L0 = 0. �µÔÉµ³Ê α = 0 Ö¢²Ö¥É¸Ö

±µ·´¥³ ¶µ²¨´µ³  det A`(α),   Î¨¸²µ ¥£µ µ¸É ²Ó´ÒÌ ¢¥Ð¥¸É¢¥´´ÒÌ ´Ê²¥° ´¥
¶·¥¢ÒÏ ¥É

N `
t ≡ (t− `)/2− δ`0 − δ`1 . (337)

…¸²¨ ³ É·¨Í  A` ¨³¥¥É ¤¨ £µ´ ²Ó´µ¥ ¶·¥µ¡² ¤ ´¨¥, Éµ µ´  ´¥¢Ò·µ¦¤¥´-
´ Ö [2]. ‚ ¶·µÉ¨¢´µ³ ¸²ÊÎ ¥ ´Ê²¨ ¥¥ ¤¥É¥·³¨´ ´É  Ê¤µ¢²¥É¢µ·ÖÕÉ ÌµÉÖ ¡Ò
µ¤´µ³Ê (L = `, `+ 2, ..., t) ¨§ ´¥· ¢¥´¸É¢

|A`L0(0)− αS`L| <
∑
s=±1

A`Ls(0) . (338)

�·¨¢¥¤¥³ ´¥±µÉµ·Ò¥ ÉµÎ´Ò¥ ·¥Ï¥´¨Ö § ¤ Î¨ (333).
�Ê¸ÉÓ ` = 0. ’µ£¤  ¶·¨ t = 0 ¸ÊÐ¥¸É¢Ê¥É ²¨ÏÓ É·¨¢¨ ²Ó´µ¥ ·¥Ï¥´¨¥

B0 = (0)T ,   ¶·¨ t = 2 ¨ ²Õ¡µ³ α ¨³¥¥É¸Ö µ¸µ¡µ¥ ·¥Ï¥´¨¥ B0 = (0, 1)T .
…¸²¨ t = 4, Éµ ¥¤¨´¸É¢¥´´µ¥ ·¥Ï¥´¨¥ É ±µ¢µ:

α = 4 , B0 = (−5, 4, 5)T .

‚ ¸²ÊÎ ¥ t = 6 ¸ÊÐ¥¸É¢ÊÕÉ ¤¢  ·¥Ï¥´¨Ö:

α± = 9±
√

11, B0
± =

(
4, α± − 10,

60

21− α±
,

280

α±(21− α±)

)T
.
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�Ê¸ÉÓ ` = 1. ’µ£¤  ¶·¨ t = 1 ¨ ²Õ¡µ³ α ¸ÊÐ¥¸É¢Ê¥É µ¸µ¡µ¥ ·¥Ï¥´¨¥
B1 = (1)T , ¶·¨ t = 3 ·¥Ï¥´¨Ö ´¥É,   ¶·¨ t = 5 ¨³¥¥É¸Ö µ¤´µ ·¥Ï¥´¨¥:

α = 79/6, B1 =
(

79
√

3,−395, 120
√

2/S1
5

)T
.

…¸²¨ ` > 1 ¨ t = `, Éµ ¨³¥¥É¸Ö Éµ²Ó±µ É·¨¢¨ ²Ó´µ¥ ·¥Ï¥´¨¥,   ¢ ¸²ÊÎ ¥
t = `+ 2 ¸ÊÐ¥¸É¢Ê¥É µ¤´µ ´¥É·¨¢¨ ²Ó´µ¥ ·¥Ï¥´¨¥:

α = 6/(1 + 2(−2)`), B` =
(√

3(`+ 4)S``+2,
√

2`+ 3S``

)T
.

‚ ¤·Ê£¨Ì ¸²ÊÎ ÖÌ ¸¶¥±É· ²Ó´ÊÕ § ¤ ÎÊ (333) ¨²¨ (334) ´¥É·Ê¤´µ ·¥-
Ï¨ÉÓ ¨§¢¥¸É´Ò³¨ Î¨¸²¥´´Ò³¨ ³¥Éµ¤ ³¨ [2]. O¡¸Ê¤¨³ ¨§¢¥¸É´Ò¥ ·¥§Ê²Ó-
É ÉÒ [66,109] Î¨¸²¥´´µ£µ ·¥Ï¥´¨Ö ÔÉµ° § ¤ Î¨ ¢ ¸²ÊÎ ¥ ` = 0. ˆ¸¶µ²Ó§µ¢ ¢
· ¢¥´¸É¢  (332) ¨ (335), Ê¡¥¤¨³¸Ö ¢ Éµ³, ÎÉµ ¸µµÉ´µÏ¥´¨Ö (338) ´¥ ¢Ò¶µ²´Ö-
ÕÉ¸Ö ´¨ ¶·¨ ± ±µ³ α ≤ 0. ‡´ Î¨É, ¢¸¥ ¸µ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö α § ¤ Î¨ (334)
¸ ` = 0 Å ´¥µÉ·¨Í É¥²Ó´Ò¥ Î¨¸² . Œ¨´¨³ ²Ó´µ¥ ¨§ ´¨Ì · ¢´µ 9 −

√
11,

´¥±µÉµ·Ò¥ ¤·Ê£¨¥ ¶·¨¢¥¤¥´Ò ¢ ¢¨¤¥ É ¡²¨ÍÒ ¢ · ¡µÉ¥ [66]. �É¨ ¤ ´´Ò¥ ¤µ-
¶µ²´ÖÕÉ É ¡²¨ÍÊ · ¡µÉÒ [109], ¢ ±µÉµ·µ° ¡Ò² ¢Ò¶µ²´¥´ Î¨¸²¥´´Ò°  ´ ²¨§
Ê· ¢´¥´¨Ö (329) ¢ ¸²ÊÎ ¥ ` = 0 ¨ −α = 1, 2, ..., 6. „µ± ¦¥³, ÎÉµ ËÊ´±Í¨¨
F 0
p (ϕ), ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ É ±¨³ µÉ·¨Í É¥²Ó´Ò³ §´ Î¥´¨Ö³ ¶ · ³¥É·  α, ´¥

¶·¥¤¸É ¢¨³Ò ¢ ¢¨¤¥ (330). �·¥¤¶µ²µ¦¨³ ¶·µÉ¨¢´µ¥: ¶Ê¸ÉÓ ¶·¨ α < ` = 0
¨³¥¥É¸Ö ÌµÉÖ ¡Ò µ¤´µ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (333) É¨¶  (330). ’µ£¤  ¸¶¥±É· ²Ó-
´ Ö § ¤ Î  (333) ¨³¥¥É ´¥É·¨¢¨ ²Ó´µ¥ ·¥Ï¥´¨¥ B0, µÉ¢¥Î ÕÐ¥¥ ¢Ò¡· ´´µ³Ê
µÉ·¨Í É¥²Ó´µ³Ê ¸µ¡¸É¢¥´´µ³Ê §´ Î¥´¨Õ α < 0. Š ± ¶µÖ¸´Ö²µ¸Ó · ´¥¥, É ±¨Ì
¸µ¡¸É¢¥´´ÒÌ §´ Î¥´¨° ´¥É. �µ²ÊÎ¥´´µ¥ ¶·µÉ¨¢µ·¥Î¨¥ ¤µ± §Ò¢ ¥É ÉµÉ Ë ±É,
ÎÉµ ¢¸¥ ËÊ´±Í¨¨ F 0

p (ϕ), ¢ÒÎ¨¸²¥´´Ò¥ ¢ · ¡µÉ¥ [109], Ö¢²ÖÕÉ¸Ö ¡¥¸±µ´¥Î´Ò³¨

·Ö¤ ³¨ ¶µ ËÊ´±Í¨Ö³ W̃L`0.
‚ § ±²ÕÎ¥´¨¥ ¸Ëµ·³Ê²¨·Ê¥³ ¤µ± § ´´Ò° ±·¨É¥·¨°.
’¥µ·¥³  5. “· ¢´¥´¨¥ ˜·¥¤¨´£¥·  ¤²Ö ¸¨¸É¥³Ò É·¥Ì Éµ¦¤¥¸É¢¥´´ÒÌ

¡µ§µ´µ¢ ¸ S-¢µ²´µ¢Ò³¨ ¶µÉ¥´Í¨ ² ³¨ (298) ¨³¥¥É ÉµÎ´Ò¥ ·¥Ï¥´¨Ö (336)
Éµ£¤  ¨ Éµ²Ó±µ Éµ£¤ , ¥¸²¨ ¶ · ³¥É· α ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ¥³Ê ¸Éµ²¡¥Í
B`(α) Ê¤µ¢²¥É¢µ·ÖÕÉ ¸¶¥±É· ²Ó´µ° § ¤ Î¥ (334). �·¨ ²Õ¡ÒÌ Ë¨±¸¨·µ¢ ´-
´ÒÌ ¨´¤¥±¸ Ì ` ¨ t ¥¥ ¸µ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö ¶µ¤Î¨´ÖÕÉ¸Ö ´¥· ¢¥´¸É¢Ê (338),
  ¨Ì Î¨¸²µ ´¥ ¶·¥¢ÒÏ ¥É Î¨¸²  N `

t , § ¤ ´´µ£µ · ¢¥´¸É¢µ³ (337).

5. ‡�Š‹�—…�ˆ…

�¸´µ¢´Ò¥ ¨Éµ£¨ µ¡§µ·  ¡Ò²¨ ±· É±µ ¸Ëµ·³Ê²¨·µ¢ ´Ò ¢ ¢¨¤¥ É¥µ·¥³ 1Ä5
²¨¡µ ¶·¨¢µ¤¨²¨¸Ó ± ± ¢Ò¢µ¤Ò, § ¢¥·Ï ÕÐ¨¥ ¨§²µ¦¥´¨¥ · §¤¥²  ¨²¨ ¶ · -
£· Ë . �µÔÉµ³Ê ¢ § ±²ÕÎ¥´¨¨ ¶¥·¥Î¨¸²¨³ ²¨ÏÓ ´¥±µÉµ·Ò¥ ¨´É¥·¥¸´Ò¥, ´µ
´¥·¥Ï¥´´Ò¥ ¶·µ¡²¥³Ò. �¡µ¡Ð¥´¨¥ É¥µ·¥³ 1Ä5 ´  ¸²ÊÎ ° É·¥Ì Î ¸É¨Í ¸
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¤¨¸±·¥É´Ò³¨ (¸¶¨´-¨§µ¸¶¨´µ¢Ò³¨) ¸É¥¶¥´Ö³¨ ¸¢µ¡µ¤Ò ´¥ ¢Ò§Ò¢ ¥É ¶·¨´Í¨-
¶¨ ²Ó´ÒÌ § É·Ê¤´¥´¨° ¨ ³µ¦¥É ¡ÒÉÓ µ¸ÊÐ¥¸É¢²¥´µ ¶µ¸²¥ µÉ¤¥²¥´¨Ö ¸¶¨´-
¨§µ¸¶¨´µ¢ÒÌ ¶¥·¥³¥´´ÒÌ µ¶¨¸ ´´Ò³¨ ¢ µ¡§µ·¥ ¸¶µ¸µ¡ ³¨. „²Ö ¤ ²Ó´¥°Ï¥£µ
· §¢¨É¨Ö ÉµÎ´ÒÌ ³¥Éµ¤µ¢ ·¥Ï¥´¨Ö É·¥ÌÎ ¸É¨Î´µ° § ¤ Î¨ ¸ Í¥´É· ²Ó´Ò³¨ ¢§ -
¨³µ¤¥°¸É¢¨Ö³¨ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¦´Ò³  ´ ²¨§ ±¨´¥³ É¨Î¥¸±µ£µ ¶·¥µ¡· §µ¢ -
´¨Ö Ê£²µ¢µ£µ ¡ §¨¸  ¨§ D-ËÊ´±Í¨° ‚¨£´¥·  ¨ ¨¸¸²¥¤µ¢ ´¨Ö ¸É·µ¥´¨Ö ²µ¦´ÒÌ
¨ Ë¨§¨Î¥¸±¨Ì ·¥Ï¥´¨° Ê· ¢´¥´¨° ” ¤¤¥¥¢ , § ¶¨¸ ´´ÒÌ ¢ É ±µ³ ¡ §¨¸¥. �¥
³¥´¥¥ ¨´É¥·¥¸´µ° ¨  ±ÉÊ ²Ó´µ° § ¤ Î¥° Ö¢²Ö¥É¸Ö ¶µ¸É·µ¥´¨¥ ¶µ²´ÒÌ ¨ Ö¢´ÒÌ
 ¸¨³¶ÉµÉ¨Î¥¸±¨Ì · §²µ¦¥´¨° ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ¢ µ±·¥¸É´µ¸ÉÖÌ ÉµÎ¥± É·µ°-
´µ£µ ¨ ¶ ·´ÒÌ ¸Éµ²±´µ¢¥´¨°. ‘· ¢´¨É¥²Ó´Ò°  ´ ²¨§ ¨§¢¥¸É´ÒÌ ¶µ¤Ìµ¤µ¢ ±
·¥Ï¥´¨Õ ÔÉµ° ¶·µ¡²¥³Ò ´¥ ¢µÏ¥² ¢ µ¡§µ· ¨ ¡Ê¤¥É ¤ ´ ¢ µÉ¤¥²Ó´µ° · ¡µÉ¥.
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ÓÄÊ 539.14
Ðåëÿòèâèñòñêàÿ òåîðèÿ ýâîëþöèè ñòðóêòóðû íóêëîíà â ÿäðå. Áóðîâ B.B., Ìîëî÷-

êîâ A.B., Ñìèðíîâ Ã.È. Ôèçèêà ýëåìåíòàðíûõ ÷àñòèö è àòîìíîãî ÿäðà, 1999, òîì 30,
âûï.6, ñ.1337.

Ïðåäñòàâëåí îáçîð ýêñïåðèìåíòàëüíûõ è òåîðåòè÷åñêèõ èññëåäîâàíèé ãëóáîêî-
íåóïðóãîãî ðàññåÿíèÿ (ÃÍÐ) ëåïòîíîâ íà ÿäåðíûõ ìèøåíÿõ. Î÷åð÷åíû îñíîâíûå ïðî-
áëåìû, êîòîðûå íåîáõîäèìî ðåøèòü ïðè àíàëèçå x- è A-çàâèñèìîñòåé ñå÷åíèé ÃÍÐ.
Àíàëèçèðóåòñÿ ðÿä ìîäåëåé, ïðåäëàãàâøèõñÿ äëÿ èçó÷åíèÿ âêëàäà ÿäåðíûõ ýôôåêòîâ
â ñòðóêòóðíûå ôóíêöèè F x2( ). Ðàçðàáîòàí è ðåàëèçîâàí ðåëÿòèâèñòñêèé òåîðåòèêî-ïî-
ëåâîé ïîäõîä äëÿ ðàññìîòðåíèÿ ÃÍÐ ëåïòîíîâ íà ëåã÷àéøèõ ÿäðàõ. Âïåðâûå â ðàìêàõ
åäèíîãî ïîäõîäà âûïîëíåíî èññëåäîâàíèå ìîäèôèêàöèè ñòðóêòóðû íóêëîíà â D,3H,
3He è 4He. Íàéäåíî, ÷òî ýâîëþöèÿ ìîäèôèêàöèé ïîëíîñòüþ îòëè÷àåòñÿ îò ýâîëþöèè,
íàáëþäàâøåéñÿ ðàíåå äëÿ òÿæåëûõ ÿäåð. Â ÷àñòíîñòè, îáíàðóæåíî, ÷òî êàðòèíà ìîäè-

ôèêàöèé F x2( ), ïðåäñòàâëåííàÿ â òåðìèíàõ îòíîøåíèé F F2 2
A N(D)/ , îïðåäåëÿåòñÿ çíà÷å-

íèÿìè ( ) ,1 0 323− =x (D/ N), 0,16 (3He/ D) è 0,08 (4He/ D). Ïîëó÷åííûå ðåçóëüòàòû ïîçâî-

ëÿþò îïðåäåëèòü êëàññ ìîäèôèêàöèé ñòðóêòóðû ñâÿçàííîãî íóêëîíà è ââåñòè åäèíèöó
ìîäèôèêàöèè ñòðóêòóðû íóêëîíà. Ïîëó÷åíî òàêæå òåîðåòè÷åñêîå îáîñíîâàíèå êîí-
öåïöèè äâóõýòàïíîé ýâîëþöèè ñòðóêòóðû íóêëîíà êàê ôóíêöèè A, ïðîèñõîäÿùåé íà
ïåðâîì ýòàïå äëÿ A ≤4 è çàòåì äëÿ A > 4. Äàâíÿÿ ïðîáëåìà ïðèðîäû ÅÌÑ-ýôôåêòà ïî-
íèìàåòñÿ êàê ìîäèôèêàöèÿ ñòðóêòóðû íóêëîíà â ïîëå ÿäåðíûõ ñèë òðåõíóêëîííîé
ñâÿçàííîé ñèñòåìû.

Èë.10. Áèáëèîãð.: 95.

ÓÄÊ 539.172.3
Ôîòîîáðàçîâàíèå ëåãêèõ η-ÿäåð. Òðÿñó÷åâ Â.À. Ôèçèêà ýëåìåíòàðíûõ ÷àñòèö è
àòîìíîãî ÿäðà, 1999, òîì 30, âûï.6, ñ.1391.

Íà îñíîâå àíàëèçà ýêñïåðèìåíòàëüíûõ è òåîðåòè÷åñêèõ äàííûõ î âçàèìîäåé-
ñòâèè η-ìåçîíîâ ñ íóêëîíàìè è ÿäðàìè â ðàìêàõ ìîäåëè ñ ìåçîí-ÿäåðíûì îïòè÷å-
ñêèì ïîòåíöèàëîì ïðÿìîóãîëüíîé ôîðìû äîêàçûâàåòñÿ âîçìîæíîñòü ñóùåñòâîâàíèÿ
ñâåðõëåãêèõ η-ÿäåð ñ A > 2. Îáðàçîâàíèå η-ÿäåð âïåðâûå ðàññìàòðèâàåòñÿ âî âçàèìî-
äåéñòâèè ôîòîíîâ âûñîêèõ ýíåðãèé ñ àòîìíûìè ÿäðàìè â ðåàêöèÿõ âèäà
γ η+ → + ′A N A , ñîïðîâîæäàþùèõñÿ âûëåòîì «áûñòðîãî» íóêëîíà N . Ïðåäëîæåí è ðå-
àëèçîâàí ïðîñòåéøèé ìåõàíèçì òàêîé ðåàêöèè. Ïîä÷åðêèâàåòñÿ âàæíàÿ ðîëü âçàèìî-
äåéñòâèÿ â êîíå÷íîì ñîñòîÿíèè â îêîëîïîðîãîâîé îáëàñòè ýíåðãèé ôîòîíîâ. Ðàññ÷èòà-
íû âåðîÿòíîñòè îáðàçîâàíèÿ ñâåðõëåãêèõ η-ÿäåð ηT è η

3He ôîòîíàìè è èçó÷åíà

âîçìîæíîñòü èõ íàáëþäåíèÿ ïî ïèêó â ñïåêòðå âûáèâàåìûõ íóêëîíîâ èç ÿäðà-ìèøåíè
4He. Â îáëàñòè ýíåðãèé íàëåòàþùèõ γ-êâàíòîâ îò ïîðîãà äî 1 ÃýÂ èññëåäîâàíà çàâèñè-

ìîñòü ñå÷åíèé ðåàêöèé 12C ,( , )γ ηN ′A 16O( , )γ ηN ′A îò êâàíòîâûõ ÷èñåë ÿäåðíûõ îñòî-

âîâ η-ÿäåð è êâàíòîâûõ ÷èñåë óðîâíåé îáðàçóåìûõ η-ÿäåð. Âïåðâûå ðàññ÷èòàíû âåðî-
ÿòíîñòè îáðàçîâàíèÿ η-ÿäåð â 1p-ñîñòîÿíèè.

Òàáë.2. Èë.19. Áèáëèîãð.: 58.

ÐÅÔÅÐÀÒÛ ÑÒÀÒÅÉ, ÏÎÌÅÙÅÍÍÛÕ Â ÂÛÏÓÑÊÅ



ÓÄÊ 539.143; 539.172.17
Ñèëüíîíåéòðîíîèçáûòî÷íûå èçîòîïû ëåãêèõ ýëåìåíòîâ. Ñòðóêòóðà ÿäåð. Êàë-

ïàê÷èåâà Ð., Ïåíèîíæêåâè÷ Þ.Ý., Áîëåí Õ.Ã. Ôèçèêà ýëåìåíòàðíûõ ÷àñòèö è àòîìíîãî
ÿäðà, 1999, òîì 30, âûï.6, ñ.1429.

Â ðàáîòå èññëåäóåòñÿ ñòðóêòóðà ñèëüíîíåéòðîíîèçáûòî÷íûõ èçîòîïîâ ëåãêèõ
ýëåìåíòîâ (2 5≤ ≤Z ). Ïðåäñòàâëåíà ïîñëåäíÿÿ èíôîðìàöèÿ î ñõåìàõ ýíåðãåòè÷åñêèõ
óðîâíåé ýòèõ ÿäåð, èõ ìàññàõ, ýíåðãèÿõ ñâÿçè. Áëàãîäàðÿ ðàçâèòèþ èçìåðèòåëüíîé òåõ-
íèêè, à òàêæå ïîëó÷åíèþ èíòåíñèâíûõ ïó÷êîâ òÿæåëûõ èîíîâ ñ âûñîêèì ýíåðãåòè÷å-
ñêèì ðàçðåøåíèåì, áûëè îáíàðóæåíû íîâûå ñâÿçàííûå íåéòðîíîèçáûòî÷íûå ÿäðà, à
òàêæå ÿäðà, ðàñïîëîæåííûå çà ãðàíèöåé íåéòðîííîé ñòàáèëüíîñòè. Òàêèå ÿäðà, ÿâëÿ-
ÿñü íåéòðîííî-íåñòàáèëüíûìè, æèâóò äîñòàòî÷íî äîëãî è ïðîÿâëÿþòñÿ â âèäå ðåçî-
íàíñîâ. Ïðè ýòîì â ÿäåðíûõ ñèñòåìàõ ñóùåñòâóþò îñíîâíîå è âîçáóæäåííûå ñîñòîÿ-
íèÿ, à òàêæå îïðåäåëåííàÿ ñòðóêòóðà âîçáóæäåííûõ óðîâíåé. Èññëåäîâàíèå ýòèõ ÿäåð
ïðåäñòàâëÿåò çíà÷èòåëüíûé èíòåðåñ â ñâÿçè ñ èõ íåîáû÷íûìè ñâîéñòâàìè — íåéòðîí-
íîå ãàëî, íîâûå îáëàñòè äåôîðìàöèé, íîâûå òèïû ðàñïàäîâ, îñîáåííîñòè çàïîëíåíèÿ
îáîëî÷åê. Â îáçîðå äàåòñÿ äîñòàòî÷íî ïîëíàÿ èíôîðìàöèÿ î õàðàêòåðèñòèêàõ íåé-
òðîííî-íåñòàáèëüíûõ ÿäåð. Ïîäðîáíî îïèñûâàþòñÿ ñâîéñòâà íåéòðîííîãî ãàëî,
ïðîÿâëÿþùèåñÿ â ñóïåðíåéòðîíîèçáûòî÷íûõ ÿäðàõ ëåãêèõ ýëåìåíòîâ. Îáñóæäàþòñÿ
îñîáåííîñòè ñòðóêòóðû ÿäåð ñ äâóõíåéòðîííûì ãàëî (6He, 8He, 11Li, 14Be). Ýêñïåðè-
ìåíòàëüíûå ðåçóëüòàòû ñðàâíèâàþòñÿ ñ ïðåäñêàçàíèÿìè ðàçëè÷íûõ òåîðåòè÷åñêèõ
ìîäåëåé, ðàññ÷èòûâàþùèõ ïîëîæåíèå ãðàíèöû íóêëîííîé ñòàáèëüíîñòè ÿäåð. Íîâûå
âîçìîæíîñòè â ïîäîáíûõ èññëåäîâàíèÿõ îòêðûâàþò âòîðè÷íûå ïó÷êè ðàäèîàêòèâíûõ
ÿäåð. Â íàñòîÿùåå âðåìÿ â êà÷åñòâå óñêîðåííûõ ïó÷êîâ ýêñïåðèìåíòàòîðû èñïîëüçó-
þò îòíîñèòåëüíî èíòåíñèâíûå ïó÷êè óñêîðåííûõ ýêçîòè÷åñêèõ ÿäåð 6He, 8He, 11Li,
14Be è ïðîâîäÿò ñ íèìè èññëåäîâàíèÿ. Ðåçóëüòàòû, ïîëó÷åííûå íà âòîðè÷íûõ ïó÷êàõ
ðàäèîàêòèâíûõ ÿäåð è ïåðñïåêòèâû èññëåäîâàíèé ñ íèìè, òàêæå îáñóæäàþòñÿ â íàñòî-
ÿùåì îáçîðå.

Òàáë.11. Èë.39. Áèáëèîãð.: 242.

ÓÄÊ 539.173
Çàïàçäûâàþùåå äåëåíèå àòîìíûõ ÿäåð. Êóçíåöîâ Â.È., Ñêîáåëåâ Í.Ê. Ôèçèêà ýëå-
ìåíòàðíûõ ÷àñòèö è àòîìíîãî ÿäðà, 1999, òîì 30, âûï.6, ñ.1514.

Èçëîæåíà èñòîðèÿ îòêðûòèÿ, ìåòîäû ñèíòåçà è ðåãèñòðàöèè çàïàçäûâàþùåãî äå-
ëåíèÿ êàê âèäà ðàäèîàêòèâíîãî ðàñïàäà àòîìíûõ ÿäåð, ëåæàùèõ â îòäàëåíèè îò ïîëî-
ñû áåòà-ñòàáèëüíîñòè. Ðàññìîòðåíà êà÷åñòâåííàÿ òåîðèÿ, îïèñûâàþùàÿ ýòîò âèä ðà-
äèîàêòèâíîãî ðàñïàäà. Îòìå÷åíî ñóùåñòâîâàíèå îáëàñòåé àòîìíûõ ÿäåð, èñïûòûâàþ-
ùèõ çàïàçäûâàþùåå äåëåíèå ëåâåå ( , )N Z< <126 82 íóêëîííûõ îáîëî÷åê N =126 è
Z = 82. Ïðèâåäåíû ïðèìåðû âû÷èñëåíèÿ íà îñíîâå ýêñïåðèìåíòàëüíûõ äàííûõ î
çàïàçäûâàþùåì äåëåíèè âûñîò áàðüåðîâ äåëåíèÿ ÿäåð, óäàëåííûõ îò ëèíèè áåòà-ñòà-
áèëüíîñòè. Ïîêàçàíî, ÷òî â íàñòîÿùåå âðåìÿ òîëüêî èçó÷åíèå ýòîãî ïðîöåññà äàåò âîç-
ìîæíîñòü ïîëó÷èòü äîñòîâåðíûå äàííûå î âûñîòàõ áàðüåðîâ äåëåíèÿ ÿäåð ñ áîëüøèì
èçáûòêîì èëè íåäîñòàòêîì íåéòðîíîâ. Îáñóæäåíî âëèÿíèå çàïàçäûâàþùåãî äåëåíèÿ
íà ïðîöåññ íóêëåîñèíòåçà â èìïóëüñíûõ íåéòðîííûõ ïîòîêàõ òåðìîÿäåðíûõ âçðûâîâ,
íà ñèíòåç ýëåìåíòîâ Âñåëåííîé, â ÷àñòíîñòè, íà îáðàçîâàíèå õðîíîìåòðè÷åñêèõ ïàð è,
êàê ñëåäñòâèå, íà îöåíêó âîçðàñòà Ãàëàêòèêè.

Òàáë.5. Èë.18. Áèáëèîãð.:55.

ÐÅÔÅÐÀÒÛ 1651



ÓÄÊ 539.17
Íåêîòîðûå ìåòîäû è ðåçóëüòàòû àíàëèòè÷åñêèõ èññëåäîâàíèé çàäà÷è òðåõ ÿäåð-
íûõ ÷àñòèö. Ïóïûøåâ Â.Â. Ôèçèêà ýëåìåíòàðíûõ ÷àñòèö è àòîìíîãî ÿäðà, 1999, òîì
30, âûï.6, ñ.1562.

Â îáçîðå ïðåäñòàâëåíû êàê êëàññè÷åñêèå, òàê è íîâûå ìåòîäû è ðåçóëüòàòû àíà-
ëèòè÷åñêèõ èññëåäîâàíèé ñòðîåíèÿ ñòàöèîíàðíûõ óðàâíåíèé Øðåäèíãåðà è Ôàääååâà
è èõ ðåøåíèé, îïèñûâàþùèõ ñîñòîÿíèÿ òðåõ÷àñòè÷íûõ ñèñòåì ñ öåíòðàëüíûìè è
S-âîëíîâûìè âçàèìîäåéñòâèÿìè. Îñîáîå âíèìàíèå óäåëåíî óãëîâîìó àíàëèçó ýòèõ
óðàâíåíèé è òî÷íûì çàêîíàì ïðåîáðàçîâàíèÿ òðåõ÷àñòè÷íûõ êîîðäèíàò, îïåðàòîðîâ,
áàçèñíûõ è âîëíîâûõ ôóíêöèé ïðè öèêëè÷åñêîé ïåðåñòàíîâêå ÷àñòèö. Äàí àíàëèç
ïðîáëåìû ëîæíûõ ðåøåíèé. Ïîäðîáíî èçëîæåíû íîâûå ìåòîäû âû÷èñëåíèÿ êîýôôè-
öèåíòîâ Ðåéíàëà—Ðåâàè è ñïîñîáû èñêëþ÷åíèÿ ëîæíûõ ðåøåíèé ïðè ÷èñëåííîì àíà-
ëèçå óðàâíåíèé Ôàääååâà.

Áèáëèîãð.:114.
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