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 ÊÎ´µ-¨¸¸²¥¤µ¢ É¥²Ó¸±¨° ¨´¸É¨ÉÊÉ Ö¤¥·´µ° Ë¨§¨±¨ Œƒ“, Œµ¸±¢ 

‘. •Ê·Ô²¸ÊÌ∗

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

�¡¸Ê¦¤ ÕÉ¸Ö Ë¥´µ³¥´µ²µ£¨Î¥¸±¨¥ ³µ¤¥²¨ ¨ ±¢ ´Éµ¢Ò¥ ¶µ¤Ìµ¤Ò ¤²Ö µ¶¨¸ ´¨Ö ¸É É¨¸É¨-
Î¥¸±¨Ì ³´µ£µ¸ÉÊ¶¥´Î ÉÒÌ Ö¤¥·´ÒÌ ·¥ ±Í¨°. �µ¤·µ¡´µ · ¸¸³µÉ·¥´Ò µ¸´µ¢´Ò¥ ¤µ¸Éµ¨´¸É¢  ¨
´¥¤µ¸É É±¨ · §²¨Î´ÒÌ ¢ ·¨ ´Éµ¢ ±¢ ´Éµ¢µ° É¥µ·¨¨ ¸É É¨¸É¨Î¥¸±¨Ì ³´µ£µ¸ÉÊ¶¥´Î ÉÒÌ ·¥ ±Í¨°:
É¥µ·¨Ö ³´µ£µ¸ÉÊ¶¥´Î ÉÒÌ ¶·Ö³ÒÌ ·¥ ±Í¨° (’Œ��), Ëµ·³ ²¨§³ ”¥Ï¡ Ì ÄŠ¥·³ ´ ÄŠµµ´¨´ 
(”ŠŠ), µ¡µ¡Ð¥´´ Ö ³µ¤¥²Ó ¸É É¨¸É¨Î¥¸±¨Ì ³´µ£µ¸ÉÊ¶¥´Î ÉÒÌ ·¥ ±Í¨° (�Œ‘Œ�). �µ³¨³µ ¶ ·-
Í¨ ²Ó´ÒÌ ¢±² ¤µ¢ ³¥Ì ´¨§³µ¢ (¸É É¨¸É¨Î¥¸±¨¥ ³´µ£µ¸ÉÊ¶¥´Î ÉÒ¥ ±µ³¶ Ê´¤-¶·µÍ¥¸¸Ò
(‘ŒŠ�)+³´µ¦¥¸É¢¥´´ Ö ‘ŒŠ�-Ô³¨¸¸¨Ö; ¸É É¨¸É¨Î¥¸±¨¥ ³´µ£µ¸ÉÊ¶¥´Î ÉÒ¥ ¶·Ö³Ò¥ ¶·µÍ¥¸¸Ò
(‘Œ��)) ¤²Ö ±µ²¨Î¥¸É¢¥´´µ£µ µ¶¨¸ ´¨Ö ¤ ´´ÒÌ ´¥µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ ¢±² ¤Ò ±µ³¡¨´¨·µ¢ ´-
´µ£µ ³¥Ì ´¨§³  (‘Œ�� → ‘ŒŠ�) ¨ ³´µ¦¥¸É¢¥´´µ° ‘Œ��-Ô³¨¸¸¨¨. 
  ±µ´±·¥É´ÒÌ ¶·¨³¥· Ì
¶µ± § ´µ, ÎÉµ ³µ¦´µ ¤µ¸É¨£´ÊÉÓ ¸µ£² ¸µ¢ ´´µ£µ µ¶¨¸ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¸¶¥±É·µ¢ ¤²Ö ·¥-
 ±Í¨° ¸ ´Ê±²µ´ ³¨, Ê¸É ´µ¢¨ÉÓ ±µ²¨Î¥¸É¢¥´´Ò¥ ¸µµÉ´µÏ¥´¨Ö ¢±² ¤µ¢ 1‘��, 2‘��, 3‘��,
n‘�� → ‘ŒŠ� (n = 1, 2, 3)+ ³´µ¦¥¸É¢¥´´ Ö Ô³¨¸¸¨Ö. „²Ö  ´ ²¨§  ¨´±²Õ§¨¢´ÒÌ ·¥ ±Í¨°
¸ ÊÎ ¸É¨¥³ ¸µ¸É ¢´ÒÌ Î ¸É¨Í (¶·¨ ÊÎ¥É¥ ¢±² ¤µ¢ ¢ ¸¥Î¥´¨Ö ±² ¸É¥·´µ° ¨ µ¡µ²µÎ¥Î´µ° µ¡² -
¸É¥° Ö¤· ) É·¥¡Ê¥É¸Ö ¤ ²Ó´¥°Ï¥¥ ¸µ¢¥·Ï¥´¸É¢µ¢ ´¨¥ ¨ · §¢¨É¨¥ ±¢ ´Éµ¢µ£µ Ëµ·³ ²¨§³  ¤²Ö
¡µ²¥¥ ¶µ²´µ£µ ¨ ¶µ¸²¥¤µ¢ É¥²Ó´µ£µ µ¶¨¸ ´¨Ö · §²¨Î´ÒÌ ³¥Ì ´¨§³µ¢ Ëµ·³¨·µ¢ ´¨Ö ¸µ¸É ¢´o°
Î ¸É¨ÍÒ ¢ ¢ÒÌµ¤´µ³ ± ´ ²¥, ¶· ¢¨²Ó´Ò° ¢Ò¡µ· ¶²µÉ´µ¸É¥° ´¥¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨° ¶·µ³¥¦Ê-
ÉµÎ´µ£µ ¨ ±µ´¥Î´µ£µ Ö¤¥·, ¶·¨ ÔÉµ³ µ¸µ¡¥´´µ ¶·¨¢²¥± É¥²Ó´Ò É¥ ¢ ·¨ ´ÉÒ ¥¤¨´µ° ±¢ ´Éµ¢µ°
É¥µ·¨¨, ¢ · ³± Ì ±µÉµ·ÒÌ ´ °¤¥´Ò Ê¤ Î´Ò¥ Ê¶·µÐ¥´¨Ö, ¤ ÕÐ¨¥ ¢µ§³µ¦´µ¸ÉÓ ±µ²¨Î¥¸É¢¥´´µ£µ
µ¶¨¸ ´¨Ö · §´µ¸Éµ·µ´´¥£µ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ³ É¥·¨ ² .

Some phenomenological models and the quantum approach to the description of the statistical
multistep nucleus reactions are discussed. The role of the phenomenological models leads off to a
parametrization of the experimental data. The complete and consistent description of a variety of
multistep mechanisms is possible only in the framework of the quantum approach. We will consider
in detail the main advantages and failures of the variety of modiˇcations of the quantum theory of the
statistical multistep reaction: the theory of multistep direct reactions (TMDR), FeshbachÄKermanÄ
Koonin (FFK) formalism, the generalized model of statistical multistep reactions (GMSMR). Besides
of the partial contributions of mechanisms (statistical multistep compound process (SMC)+multi SMC
emission; statistical multistep direct process (SMD)) to the numerical calculation data it is necessary
to take into account the contributions from the combined mechanism (SMD→ SMC) and multi-SMD
emission. We will show, for concrete reactions with nucleus, that our set of correlations of one step,
two step, three step MSD→ SDC (n = 1, 2, 3)+multiemission is in agreement with the experimental
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spectra. The analysis of inclusive reactions with complex particles (and considering the section
of the contribution of the cluster and the shell region nucleus) demands further improvement and
development of the quantum formalism for more complete and consistent description of the various
mechanisms of formation of the complex particles on the outgoing channel. This implies that we
must choose correctly the density of the unbound state of intermediate and residual nucleus, to ˇnd
that special and uniˇed quantum theory in terms of which we can found successful simpliˇcations
and give the possibility of a numerical descriptions of the experimental data.

1. ‚‚…„…�ˆ… ‚ ”ˆ‡ˆŠ“ ‘’�’ˆ‘’ˆ—…‘Šˆ•
Œ��ƒ�‘’“�…�—�’›• Ÿ„…��›• �…�Š–ˆ‰

� §¢¨É¨¥ Ö¤¥·´µ° Ë¨§¨±¨ ¢ ¡µ²ÓÏµ° ¸É¥¶¥´¨ µ¶·¥¤¥²Ö¥É¸Ö ¨¸¸²¥¤µ¢ ´¨-
Ö³¨ ¢ É ±µ° ¥¥ ¢ ¦´µ° µ¡² ¸É¨, ± ± Ö¤¥·´Ò¥ ·¥ ±Í¨¨. ‚ Ö¤¥·´µ° Ë¨§¨±¥
¸· ¢´¨É¥²Ó´µ Ìµ·µÏµ ¨§ÊÎ¥´Ò ¤¢  ±· °´¨Ì É¨¶  Ö¤¥·´ÒÌ ·¥ ±Í¨°, µ¶¨¸Ò¢ ¥-
³ÒÌ ³¥Ì ´¨§³ ³¨ · ¢´µ¢¥¸´µ£µ ¨ ¶·Ö³µ£µ ¶·µÉ¥± ´¨Ö ¶·µÍ¥¸¸ . � ¢´µ¢¥¸´ Ö
¸É É¨¸É¨Î¥¸± Ö ³µ¤¥²Ó (¨¸¶ ·¨É¥²Ó´ Ö ³µ¤¥²Ó (ˆŒ)) ¢´¥¸²  ¢ ¦´Ò° ¢±² ¤ ¢
¶µ´¨³ ´¨¥ Ë¨§¨±¨ Ö¤¥·´µ£µ ¶·µÍ¥¸¸ , ¶·µÉ¥± ÕÐ¥£µ Î¥·¥§ ¸É ¤¨Õ ¸µ¸É ¢-
´µ£µ Ö¤· .

„¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ A(a, b)B Î¥·¥§ ¸µ¸É ¢´µ¥ Ö¤·µ ¢
µ¡² ¸É¨ ¶¥·¥±·Ò¢ ÕÐ¨Ì¸Ö ¸µ¸ÉµÖ´¨° ±µ´¥Î´µ£µ Ö¤·  B (ΓB > DB,ΓB Å
Ï¨·¨´  Ê·µ¢´Ö, DB Å · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê Ê·µ¢´Ö³¨ ±µ´¥Î´µ£µ Ö¤· ) µ¶·¥¤¥-
²Ö¥É¸Ö Ëµ·³Ê²µ° • Ê§¥· Ä”¥Ï¡ Ì  (•”) [1]:

dσˆŒa,b (εa, εb)
dεb

=

=
π

k2a

∑
J,la,s

g(J)T Jla,s(εa)
∑

lb,s′,IB

T Jlb,s′(εb)�(Ea − εb −Bb, IB)∑
b,lb,s′,IB

∫
dεbT Jlb,s′(εb)�(Ea − εb −Bb, IB)

, (1)

£¤¥ s, s′ Å ¶µ²´Ò¥ ¸¶¨´Ò ± ´ ²µ¢ (s = sa+ IA; s′ = sb+ IB); sa, sb Å ¸¶¨´Ò
¶ ¤ ÕÐ¥° (a) ¨ ¨¸¶ÊÐ¥´´µ° (b) Î ¸É¨Í; IA, IB Å ¸¶¨´Ò Ö¤· -³¨Ï¥´¨ A ¨
±µ´¥Î´µ£µ Ö¤·  B; la, lb Å µ·¡¨É ²Ó´Ò¥ ³µ³¥´ÉÒ ¸É ²±¨¢ ÕÐ¨Ì¸Ö ¨ · §²¥-
É ÕÐ¨Ì¸Ö Ë· £³¥´Éµ¢; J Å ¶µ²´Ò° ¸¶¨´ ¸¨¸É¥³Ò (J = s + la = s′ + lb);
g(J) Å ¸É É¨¸É¨Î¥¸±¨° ¢¥¸ ¸µ¸ÉµÖ´¨Ö ¸ ¶µ²´Ò³ ¸¶¨´µ³ J ; Ea = εa +Ba Å
Ô´¥·£¨Ö ¢µ§¡Ê¦¤¥´¨Ö ¸µ¸É ¢´µ£µ Ö¤· ; Ba(b) Å Ô´¥·£¨Ö µÉ¤¥²¥´¨Ö Î ¸É¨ÍÒ
a(b); T Jla,s(εa) Å ±µÔËË¨Í¨¥´É ¶·µ´¨Í ¥³µ¸É¨, ±µÉµ·Ò° Ì · ±É¥·¨§Ê¥É ¢¥-
·µÖÉ´µ¸ÉÓ µ¡· §µ¢ ´¨Ö ¸µ¸É ¢´µ£µ Ö¤·  ¸ ¶µ²´Ò³ ¸¶¨´µ³ J Î ¸É¨Í¥° a ¸
§ ¤ ´´Ò³¨ εa, la, s:

σa(εa, la, s, J) =
π

k2a
g(J)T Jla,s(εa), (2)
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£¤¥ g(J) =
(2J + 1)

(2sa + 1)(2IA + 1)
, ¶·¨ ÔÉµ³ ¶µ²´µ¥ ¸¥Î¥´¨¥ ¶µ£²µÐ¥´¨Ö

σabs(εa)≡σ�Œa (εa) =
∑
J,la,s

σa(εa, la, s, J). (3)

ŠµÔËË¨Í¨¥´ÉÒ ¶·µ´¨Í ¥³µ¸É¨ T Jla,s(εa) ¢ (3) · ¸¸Î¨ÉÒ¢ ÕÉ¸Ö ´  µ¸´µ¢¥
µ¶É¨Î¥¸±µ° ³µ¤¥²¨ (OM), ¢ ±µÉµ·µ° ¢§ ¨³µ¤¥°¸É¢¨¥ Î ¸É¨ÍÒ ¸ Ö¤·µ³-³¨-
Ï¥´ÓÕ ¶·¥¤¸É ¢²ÖÕÉ ¸ ¶µ³µÐÓÕ ±µ³¶²¥±¸´µ£µ µ¶É¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ² 

V
(a)
opt (r) = U (a)(r) + iW (a)(r) [2]. „²Ö ¢Ò¢µ¤  Ëµ·³Ê²Ò (1) ¶·¨³¥´Ö²¸Ö ±¢ ´-
Éµ¢µ-³¥Ì ´¨Î¥¸±¨° ¶·¨´Í¨¶ ¤¥É ²Ó´µ£µ ¡ ² ´¸ , ¶·¨Î¥³ ¸¥Î¥´¨¥ µ¡· É´µ°
·¥ ±Í¨¨ σinv(εb) § ³¥´¥´µ ¸¥Î¥´¨¥³ ¶µ£²µÐ¥´¨Ö σabs(εb) Î ¸É¨ÍÒ b ´¥¢µ§-
¡Ê¦¤¥´´Ò³ Ö¤·µ³ B, É. ¥. ¶µ² £ ²µ¸Ó σinv(εb) = σabs(εb), £¤¥ σabs(εb) =
σ�Œb (εb).

„²Ö µ¶¨¸ ´¨Ö µ¤´µ¸ÉÊ¶¥´Î ÉÒÌ ¶·Ö³ÒÌ ·¥ ±Í¨° (1��) Ï¨·µ±µ ¨¸¶µ²Ó§Ê-
¥É¸Ö ³¥Éµ¤ ¨¸± ¦¥´´ÒÌ ¢µ²´ (Œˆ‚) ¢ ¡µ·´µ¢¸±µ³ ¶·¨¡²¨¦¥´¨¨ (s�ˆ‚) [3].
�³¶²¨ÉÊ¤  µ¤´µ¸ÉÊ¶¥´Î Éµ° ¶·Ö³µ° ·¥ ±Í¨¨ A(a, b)B ¢ s�ˆ‚ µ¶·¥¤¥²Ö¥É¸Ö
¢Ò· ¦¥´¨¥³

T 1��
ba = T s�ˆ‚ba = 〈χ(−)

b (kb)|〈ΨBϕb|VbB − V
(b)
opt |ϕaΨA〉|χ(+)

a (ka)〉 =

= 〈χ(−)
b (kb)|vba|χ(+)

a (ka)〉, (4)

£¤¥ ΨA,ΨB Å ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ ´ Î ²Ó´µ£µ ¨ ±µ´¥Î´µ£µ ¸µ¸ÉµÖ´¨° Ö¤¥·;
ϕa, ϕb Å ¢´ÊÉ·¥´´¨¥ ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ ´ ²¥É ÕÐ¥° (a) ¨ ¢Ò²¥É ÕÐ¥° (b)

Î ¸É¨Í; χ(+)
a (ka), χ

(−)
b (kb) Å ¨¸± ¦¥´´Ò¥ ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ µÉ´µ¸¨É¥²Ó-

´µ£µ ¤¢¨¦¥´¨Ö, · ¸¸Î¨É ´´Ò¥ ¢ · ³± Ì �Œ; Ö¢´Ò° ¢¨¤ ¶µÉ¥´Í¨ ²  vba =
〈ΨBϕb|VbB − V

(b)
opt |ϕaΨA〉 µ¶·¥¤¥²Ö¥É¸Ö ±µ´±·¥É´Ò³ ³¥Ì ´¨§³µ³ ¶·Ö³µ° ·¥-

 ±Í¨¨ (¸·Ò¢, ¶µ¤Ì¢ É ¨²¨ § ³¥Ð¥´¨¥). s�ˆ‚ ¢µ ³´µ£¨Ì ¸²ÊÎ ÖÌ Ê¤µ¢²¥É¢µ·¨-
É¥²Ó´µ µ¶¨¸Ò¢ ¥É Ê£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¨ Ô´¥·£¥É¨Î¥¸±¨¥ ¸¶¥±É·Ò ¶·Ö³ÒÌ
·¥ ±Í¨°, ¢ Éµ ¦¥ ¢·¥³Ö É¥µ·¥É¨Î¥¸±µ¥ µ¶¨¸ ´¨¥ µÉ¤¥²Ó´ÒÌ ·¥ ±Í¨° Ö¢´µ É·¥-
¡Ê¥É ¢ÒÌµ¤  §  ¶·¥¤¥²Ò s�ˆ‚, ¢ Î ¸É´µ¸É¨, ÊÎ¥É  ¢Éµ·µ£µ ¨ ¡µ²¥¥ ¢Ò¸µ±¨Ì
¶µ·Ö¤±µ¢ ¡µ·´µ¢¸±µ£µ ·Ö¤ .

Œ´µ£µ¸ÉÊ¶¥´Î ÉÒ¥ ¶·Ö³Ò¥ ·¥ ±Í¨¨ (Œ��) ¢ Ô±¸±²Õ§¨¢´µ° ¶µ¸É ´µ¢±¥
É· ¤¨Í¨µ´´µ · ¸¸Î¨ÉÒ¢ ÕÉ¸Ö ¢ ³¥Éµ¤¥ ¸¢Ö§ ´´ÒÌ ± ´ ²µ¢ (Œ‘Š) [3], ±µ£¤ 
Éµ²Ó±µ ´¥¸±µ²Ó±µ ¶·µ³¥¦ÊÉµÎ´ÒÌ ¸µ¸ÉµÖ´¨° ¢±²ÕÎ¥´Ò ¢  ´ ²¨§. ˆ ¶· ±-
É¨Î¥¸±¨ · ¸Î¥ÉÒ ³´µ£µ¸ÉÊ¶¥´Î ÉÒÌ ¶·Ö³ÒÌ ¨´±²Õ§¨¢´ÒÌ ·¥ ±Í¨° ¢ ³¥Éµ¤¥
¸¢Ö§ ´´ÒÌ ± ´ ²µ¢ ¸É ´µ¢ÖÉ¸Ö ´¥¢µ§³µ¦´Ò³¨, ±µ£¤  ¢¥²¨±µ Î¨¸²µ µÉ±·Ò-
ÉÒÌ ± ´ ²µ¢ ¨ ¶·µ³¥¦ÊÉµÎ´ÒÌ ¸µ¸ÉµÖ´¨°. �´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´-
´ÒÌ (´¨§±¨¥ ¨ ¸·¥¤´¨¥ Ô´¥·£¨¨) ¶µ± §Ò¢ ¥É, ÎÉµ ´¥É § ³¥É´ÒÌ Ë²Ê±ÉÊ Í¨°
¢ ¸¶¥±É· Ì Å ¶·¨§´ ±  ¨´É¥·Ë¥·¥´Í¨µ´´ÒÌ ¶·µÍ¥¸¸µ¢, ÎÉµ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É
µ ´¥±µ£¥·¥´É´µ¸É¨ ¢±² ¤µ¢ µÉ ± ¦¤µ° ¸É ¤¨¨ ¶·µÍ¥¸¸ . �¥ ±Í¨¨ É ±µ£µ É¨¶ 
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¨¸¸²¥¤µ¢ ²¨¸Ó ´  µ¸´µ¢¥ · §²¨Î´ÒÌ ¢ ·¨ ´Éµ¢ ³µ¤¥²¨ ¢´ÊÉ·¨Ö¤¥·´µ£µ ± ¸-
± ¤  (Œ‚Š) [4, 5]. �¶¨¸ ´¨¥ ¸¶¥±É·  ¢µ ¢¸¥° µ¡² ¸É¨ Ô´¥·£¨° ¢µ§³µ¦´µ
²¨ÏÓ ¢ · ³± Ì ±µ³¡¨´¨·µ¢ ´´µ° ± ¸± ¤´µ-¨¸¶ ·¨É¥²Ó´µ° ³µ¤¥²¨. �¤´ ±µ ¨
É ± Ö ±µ³¡¨´¨·µ¢ ´´ Ö ³µ¤¥²Ó ´¥ ¶µ§¢µ²¨²  ¶µ²´µ¸ÉÓÕ ¢µ¸¶·µ¨§¢¥¸É¨ Ô±¸-
¶¥·¨³¥´É ²Ó´Ò¥ ¸¶¥±É·Ò [6]. �µ ³¥·¥ Ê¢¥²¨Î¥´¨Ö Ô´¥·£¨¨ ´ ²¥É ÕÐ¨Ì Î -
¸É¨Í Ê¢¥²¨Î¨¢ ¥É¸Ö µ¡² ¸ÉÓ ¢ ¸¶¥±É· Ì ¢Ò²¥É ÕÐ¨Ì Î ¸É¨Í ³¥¦¤Ê ¶¨± ³¨
µÉ ¢µ§¡Ê¦¤¥´¨Ö ¤¨¸±·¥É´ÒÌ ¸µ¸ÉµÖ´¨° ±µ´¥Î´ÒÌ Ö¤¥· ¨ ¨¸¶ ·¨É¥²Ó´Ò³ · ¸-
¶·¥¤¥²¥´¨¥³. 
  ÔÉÊ µ¡² ¸ÉÓ ¶·¨Ìµ¤¨² ¸Ó § ³¥É´ Ö Î ¸ÉÓ ¶µ²´µ£µ ¸¥Î¥´¨Ö,
±µÉµ·ÊÕ ´¥ ³µ£²¨ µ¶¨¸ ÉÓ ´¨ É¥µ·¨Ö ¨¸¶ ·¥´¨Ö (ˆŒ), ´¨ É¥µ·¨Ö ´¥¸É É¨¸É¨-
Î¥¸±¨Ì ³´µ£µ¸ÉÊ¶¥´Î ÉÒÌ ¶·Ö³ÒÌ ·¥ ±Í¨° (Œ‘Š).

2. ”…��Œ…��‹�ƒˆ—…‘Šˆ… Œ�„…‹ˆ ‘’�’ˆ‘’ˆ—…‘Šˆ•
Œ��ƒ�‘’“�…�—�’›• Ÿ„…��›• �…�Š–ˆ‰

„²Ö µ¶¨¸ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¨§ ³´µ£µ¸ÉÊ¶¥´Î ÉÒÌ ¨´±²Õ-
§¨¢´ÒÌ ·¥ ±Í¨° ¡Ò²¨ ¶·¥¤²µ¦¥´Ò Ë¥´µ³¥´µ²µ£¨Î¥¸±¨¥ ³µ¤¥²¨ ´¥· ¢´µ¢¥¸-
´ÒÌ ¶·µÍ¥¸¸µ¢: ³µ¤¥²Ó • ·¶ ÄŒ¨²²¥· Äs¥·´  (•Œs) [7]; Ô±¸¨Éµ´´ Ö ³µ-
¤¥²Ó (�Œ) [8]; £¨¡·¨¤´ Ö ³µ¤¥²Ó (ƒŒ) [9]; ±µ ²¥¸Í¥´É´ Ö Ô±¸¨Éµ´´ Ö ³µ¤¥²Ó
(Š�Œ) [10]; ± ¸± ¤´µ-Ô±¸¨Éµ´´ Ö ³µ¤¥²Ó (Š-�Œ) [11]. � §²¨Î´Ò¥ Ë¥´µ³¥-
´µ²µ£¨Î¥¸±¨¥ ³µ¤¥²¨ ¶·¥¤· ¢´µ¢¥¸´ÒÌ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¨ ¨Ì ³µ¤¨Ë¨± Í¨¨,
¶µ²Ê³¨±·µ¸±µ¶¨Î¥¸±¨¥ ¶µ¤Ìµ¤Ò ¨ µ¸´µ¢´Ò¥ ¶µ²µ¦¥´¨Ö ±¢ ´Éµ¢µ° É¥µ·¨¨
¸É É¨¸É¨Î¥¸±¨Ì ³´µ£µ¸ÉÊ¶¥´Î ÉÒÌ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¡µ²¥¥ ¶µ¤·µ¡´µ ¨§²µ-
¦¥´Ò ¢ [12Ä14].

‚ µ¸´µ¢¥ ²Õ¡ÒÌ ³µ¤¨Ë¨± Í¨° �Œ ²¥¦ É ¸²¥¤ÊÕÐ¨¥ ¶µ²µ¦¥´¨Ö: 1) ¸µ-
¸É ¢´ Ö ¸¨¸É¥³  (Ö¤·µ-³¨Ï¥´Ó + ¶ ¤ ÕÐ Ö Î ¸É¨Í ) · ¸¸³ É·¨¢ ¥É¸Ö ± ± ¸¨-
¸É¥³  ´Ê±²µ´µ¢ ¸µ ¸² ¡Ò³ ¤¢ÊÌÎ ¸É¨Î´Ò³ µ¸É ÉµÎ´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³, ¤¢¨-
¦ÊÐ¨Ì¸Ö ¢ ´¥±µÉµ·µ³ ¸·¥¤´¥³ ¶µ²¥; 2) ¢µ§¡Ê¦¤¥´´Ò¥ ¸µ¸ÉµÖ´¨Ö ¸µ¸É ¢´µ°
¸¨¸É¥³Ò ´  n-° ¸É ¤¨¨ ³´µ£µ¸ÉÊ¶¥´Î Éµ£µ ¶·µÍ¥¸¸  (¶·µ³¥¦ÊÉµÎ´Ò¥ ¸µ¸ÉµÖ-
´¨Ö (�‘) n-£µ ¶µ·Ö¤± ) Ì · ±É¥·¨§ÊÕÉ¸Ö Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö ¸µ¸É ¢´µ° ¸¨-
¸É¥³Ò Ea, ¶µ²´Ò³ Î¨¸²µ³ ¢µ§¡Ê¦¤¥´´ÒÌ Î ¸É¨Í pn ´ ¤ ¶µ¢¥·Ì´µ¸ÉÓÕ ”¥·³¨
¨ ¤Ò·µ± hn, É. ¥. Î¨¸²µ³ Ô±¸¨Éµ´µ¢ N = pn + hn.

‚ �Œ ¶·¥¤¶µ² £ ¥É¸Ö, ÎÉµ ¤²Ö ¢´ÊÉ·¨Ö¤¥·´ÒÌ ¶¥·¥Ìµ¤µ¢ ¢¸¥ ¢µ§³µ¦´Ò¥
±µ´Ë¨£Ê· Í¨¨ ¢µ§´¨± ÕÉ ¸ µ¤¨´ ±µ¢µ° ¢¥·µÖÉ´µ¸ÉÓÕ.

� ¸¶ ¤´ Ö Ï¨·¨´  ¢ µÉ±·ÒÉÒ° ± ´ ² (b) ¢Ò· ¦ ¥É¸Ö ¸ ¶µ³µÐÓÕ ¶·¨´Í¨¶ 
¤¥É ²Ó´µ£µ · ¢´µ¢¥¸¨Ö Î¥·¥§ ¸¥Î¥´¨¥ µ¶É¨Î¥¸±µ° ³µ¤¥²¨ (σabs = σ�Œ). �Œ
¢ µÉ²¨Î¨¥ µÉ Œ‚Š ¨ ³µ¤¥²¨ •Œs ³µ¦¥É ¡ÒÉÓ µ¡µ¡Ð¥´  ´  ¸²ÊÎ ° ¢Ò²¥É 
¸µ¸É ¢´ÒÌ Î ¸É¨Í [15, 16].

‚ · ³± Ì Ô±¸¨Éµ´´µ° ³µ¤¥²¨ ¢ ¶·¥´¥¡·¥¦¥´¨¨ ¶¥·¥Ìµ¤ ³¨ ∆N = −2, 0
¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ¸ Ô³¨¸¸¨¥° ¸µ¸É ¢´µ° Î ¸É¨ÍÒ É¨¶  b µ¶·¥¤¥²Ö-



Š‚�
’�‚�Ÿ ’…��ˆŸ ‘’�’ˆ‘’ˆ—…‘Šˆ• Œ
�ƒ�‘’“�…
—�’›• 785

¥É¸Ö ¢Ò· ¦¥´¨¥³ [16]:

dσa,b(εa, εb)
dεb

= σabs(εa)
Nmax∑

N=N0=pa+2

D(N)
Γ↑
N,b(Ea, εb)
ΓN (Ea)

, (5)

£¤¥ D(N) Å Ë ±Éµ· µ¡¥¤´¥´¨Ö; ΓN(Ea) Å ¶µ²´ Ö Ï¨·¨´ ; Γ↑
N (Ea) Å

· ¸¶ ¤´ Ö Ï¨·¨´ :

Γ↑
N (Ea) =

∑
b,l,m

Ea−Bb∫
0

dεbΓ
↑
N,b(lm)(Ea, εb), (6)

Γ↑
N,b(lm)(Ea, εb) =

2sb + 1
π2�2

mbεbσinv(εb)
�fb(lm)(N,UB)

�(pn, hn, Ea)
Flm(εb,∆R), (7)

£¤¥ �(pn, hn, Ea) Å ¶²µÉ´µ¸ÉÓ pnphnh-¸µ¸ÉµÖ´¨° ¶·¨ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö
Ea. ‚ (7) Flm(εb,∆R) Å Ë ±Éµ· Ëµ·³¨·µ¢ ´¨Ö ¸µ¸É ¢´µ° Î ¸É¨ÍÒ b ¨§ %
¢µ§¡Ê¦¤¥´´ÒÌ Î ¸É¨Í ¨ m ´Ê±²µ´µ¢, ´ Ìµ¤ÖÐ¨Ì¸Ö ´¨¦¥ Ê·µ¢´Ö ”¥·³¨, ¶·¨
ÔÉµ³ % + m = pb; pb Å Î¨¸²µ ´Ê±²µ´µ¢, µ¡· §ÊÕÐ¨Ì ¸µ¸É ¢´ÊÕ Î ¸É¨ÍÊ b
(¢¢¥¤¥´¨¥ Ë ±Éµ·  Flm(εb,∆R), ¶·¥¤¶µ² £ ¥É, ÎÉµ ´¥É ¶·¥¤¢ ·¨É¥²Ó´µ ¸Ëµ·-
³¨·µ¢ ´´ÒÌ b-±² ¸É¥·µ¢ ¢´ÊÉ·¨ Ö¤· , Ëµ·³¨·µ¢ ´¨¥ ¸µ¸É ¢´µ° Î ¸É¨ÍÒ b
¶·µ¨¸Ìµ¤¨É ¢ ¶µ¢¥·Ì´µ¸É´µ° µ¡² ¸É¨ Ö¤·  ∆R):

Flm(εb,∆R) =
∑

(
ei>εF (i=1,..,l)
ej ,<εF (j=1,..,m)

) |〈ϕbχb(εb,Rb)|ϕ(r1)...ϕ(rpb
)〉|2, (8)

£¤¥ ϕb Å ¢´ÊÉ·¥´´ÖÖ ¢µ²´µ¢ Ö ËÊ´±Í¨Ö ¸µ¸É ¢´µ° Î ¸É¨ÍÒ b; χb(εb,Rb) Å
¢µ²´µ¢ Ö ËÊ´±Í¨Ö ¤¢¨¦¥´¨Ö Í. ³. Î ¸É¨ÍÒ b ¸ Ô´¥·£¨¥° εb; ϕi(ri) Å ¢µ²-
´µ¢ Ö ËÊ´±Í¨Ö ´Ê±²µ´  ¢ Ö¤·¥ (i = 1, ..., pb). …¸²¨ {ϕ1, ..., ϕb} Å ¶µ²´Ò°
µ·Éµ´µ·³¨·µ¢ ´´Ò° ´ ¡µ·, Éµ

pb∑
(

l=1
(m=pb−l)

)Flm(εb,∆R) = 1

¶·¨ ∆R �
√
〈r2b 〉, £¤¥ 〈r2b 〉 Å ¸·¥¤´¨° ±¢ ¤· É¨Î¥¸±¨° · ¤¨Ê¸ ¸µ¸É ¢´µ°

Î ¸É¨ÍÒ b. ‘ ÊÎ¥Éµ³ Éµ£µ, ÎÉµ Ëµ·³¨·µ¢ ´¨¥ ¸µ¸É ¢´µ° Î ¸É¨ÍÒ b ¶·µ¨¸Ìµ¤¨É
¢ ¶µ¢¥·Ì´µ¸É´µ° µ¡² ¸É¨ Ö¤·a ∆R, ¶µ²ÊÎ ¥³

pb∑
(

l=1
(m=pb−l)

)Flm(εb,∆R) < 1,
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¶·¨ ÔÉµ³ ∆R Å ¸¢µ¡µ¤´Ò° ¶ · ³¥É· ³µ¤¥²¨, ¨²¨, ÎÉµ · ¢´µ§´ Î´µ,

pb∑
(

l=1
(m=pb−l)

)Flm(εb,∆R)

± ± ¶ · ³¥É· µ¶·¥¤¥²Ö¥É¸Ö ¨§ ¸· ¢´¥´¨Ö ¢ÒÎ¨¸²¥´´ÒÌ ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¸¶¥±É·µ¢.

” ±Éµ·Ò Flm(εb,∆R) · ¸¸Î¨ÉÒ¢ ÕÉ¸Ö ¢ ±¢ §¨±² ¸¸¨Î¥¸±µ³ ¶·¨¡²¨¦¥-
´¨¨ ¢ · ³± Ì ³µ¤¥²¨ Ë¥·³¨-£ § , ¢ ¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ ¢´ÊÉ·¥´´ÖÖ ¢µ²´µ¢ Ö
ËÊ´±Í¨Ö Î ¸É¨ÍÒ b ¥¸ÉÓ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ ¢´ÊÉ·¥´´¥£µ µ¸Í¨²²ÖÉµ·´µ£µ £ -
³¨²ÓÉµ´¨ ´ , ¶·¨Î¥³ ¶ · ³¥É· νb = mω/�, Ì · ±É¥·¨§ÊÕÐ¨° · §³¥· µ¸Í¨²-
²ÖÉµ· , ¸µµÉ¢¥É¸É¢Ê¥É ¸·¥¤´¥³Ê ±¢ ¤· É¨Î¥¸±µ³Ê · ¤¨Ê¸Ê ¸µ¸É ¢´µ° Î ¸É¨ÍÒ
b: 〈r2b 〉 ∼ 1/νb, ¶·¨ ÔÉµ³ ¢¸¥ §´ Î¥´¨Ö |ri| < (Rres +∆R), £¤¥ · ¤¨Ê¸ ±µ´¥Î-

´µ£µ Ö¤·  Rres = |R| = |r1 + ...+ rpb
|

pb
¶·¨ Ê¸²µ¢¨¨, ÎÉµ Í. ³. pb ´Ê±²µ´µ¢ (R)

´ Ìµ¤¨É¸Ö ´  ¶µ¢¥·Ì´µ¸É¨ ±µ´¥Î´µ£µ Ö¤· : R ≈ Rb ≈ Rres.

” ±Éµ· Fpb0(εb,∆R) ¸µµÉ¢¥É¸É¢Ê¥É ¶·µÍ¥¸¸Ê ±µ ²¥¸Í¥´Í¨¨ (¸µ¸É ¢´ Ö Î -
¸É¨Í  b Ëµ·³¨·Ê¥É¸Ö ¨§ pb ¢µ§¡Ê¦¤¥´´ÒÌ Î ¸É¨Í); Flm(εb,∆R) cµµÉ¢¥É¸É¢Ê¥É
³¥Ì ´¨§³Ê ¶·Ö³µ£µ m-´Ê±²µ´´µ£µ ¶µ¤Ì¢ É  (m-¶µ¤Ì¢ É) ¤²Ö m = 1, ..., pb−1,
¶·¨ ÔÉµ³ l = pb −m.

‚Ò· ¦¥´¨¥ (7) ¤²Ö Γ↑
N,b(lm)(Ea, εb) ¶µ²ÊÎ¥´µ ¢ ¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ ´Ê-

±²µ´Ò ´¨¦¥ Ô´¥·£¨¨ Ê·µ¢´Ö ”¥·³¨, ¢µÏ¥¤Ï¨¥ ¢ ¢Ò²¥É¥¢ÏÊ£µ Î ¸É¨ÍÊ b, ´¥
¢§ ¨³µ¤¥°¸É¢ÊÕÉ ¸ ±µ´¥Î´Ò³ Ö¤·µ³, ¶·¨ ÔÉµ³ ¤²Ö ¶²µÉ´µ¸É¨ ±µ´¥Î´µ£µ Ö¤· 
�fb(lm)(N,UB) ¢ ¸²ÊÎ ¥ Ô³¨¸¸¨¨ ¸µ¸É ¢´µ° Î ¸É¨ÍÒ b (m-¶µ¤Ì¢ É) ¶µ¸ÉÊ²¨·Ê-
¥É¸Ö ¸²¥¤ÊÕÐ¥¥ ¸µµÉ´µÏ¥´¨¥:

�fb(lm)(N,UB) = �(pn − l, hn, UB). (9)

‚ �Œ ¨ ƒŒ ¶·¨ µ¶¨¸ ´¨¨ Ê£²µ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ´Ê±²µ´µ¢ [17, 18] ¶·¥¤-
¶µ² £ ¥É¸Ö, ÎÉµ Ê£²µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥ ´¥· ¢´µ¢¥¸´µ£µ ¨¸¶Ê¸± ´¨Ö µ¶·¥¤¥²Ö-
¥É¸Ö Éµ²Ó±µ ´ ¶· ¢²¥´¨¥³ ¤¢¨¦¥´¨Ö ²¨¤¨·ÊÕÐ¥° Î ¸É¨ÍÒ (´Ê±²µ´ ), ¨ ¢¥·µ-
ÖÉ´µ¸É¨ ¢´ÊÉ·¨Ö¤¥·´ÒÌ ¶¥·¥Ìµ¤µ¢ λN,N ′(Ea,Ω → Ω′) ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢
¢¨¤¥ ¶·µ¨§¢¥¤¥´¨Ö ¤¢ÊÌ ³´µ¦¨É¥²¥° (Ë ±Éµ·¨§µ¢ ´´µ¥ ¢Ò· ¦¥´¨¥):

λN,N ′(Ea,Ω → Ω′) = λN,N ′(Ea)G(Ω → Ω′), (10)

£¤¥

G(Ω → Ω′) =
dσN,N (Ω;Ω′)

dΩ′

/∫
dΩ′dσN,N(Ω;Ω′)

dΩ′ . (11)
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‚ ¢Ò· ¦¥´¨¨ (11)

dσN,N (Ω;Ω′)
dΩ′ =



dσfN,N(Ω;Ω
′)

dΩ′ Å ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨¥ ¸¢µ-

¡µ¤´µ£µ NN -· ¸¸¥Ö´¨Ö;〈
dσN,N (Ω;Ω′)

dΩ′

〉
Å Ê¸·¥¤´¥´´µ¥ ¶µ Ô´¥·£¨¨ ¤¨Ë-

Ë¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ NN -· ¸-
¸¥Ö´¨Ö ¢ Ö¤¥·´µ° ³ É¥·¨¨.

‚ ¶·¥´¥¡·¥¦¥´¨¨ ¶¥·¥Ìµ¤ ³¨ ∆N = 0,−2 ¤¢ ¦¤Ò ¤¨ËË¥·¥´Í¨ ²Ó´µ¥
¸¥Î¥´¨¥ ¸ Ô³¨¸¸¨¥° Î ¸É¨ÍÒ b µ¶·¥¤¥²Ö¥É¸Ö ¸Ê³³µ° Ë ±Éµ·¨§µ¢ ´´ÒÌ ¢Ò· -
¦¥´¨°

d2σa,b(εa, εb,Ωb)
dεbdΩb

=
Nmax∑

N=N0=pa+2

dσ
(N)
a,b (εa, εb)
dεb

P (N,Ωb), (12)

£¤¥

P (N,Ωb) =
∑
L

µ
(N+2−N0)/2
L

(2L+ 1)
4π

PL(cos Θb),

(13)

µL =
∫ 1

−1

d cos Θ′
∫ 2π

0

G(Ω → Ω′)dϕ′PL(cos Θ′).

‚ · ³± Ì �Œ ¨ ƒŒ ¨ ¨Ì ³µ¤¨Ë¨± Í¨° ¡Ò² ¤µ¸É¨£´ÊÉ § ³¥É´Ò° ¶·µ£·¥¸¸
¢ µ¶¨¸ ´¨¨ ´¥¶·¥·Ò¢´ÒÌ ¸¶¥±É·µ¢, ÎÉµ µ¸µ¡¥´´µ µÉ´µ¸¨É¸Ö ± ·¥ ±Í¨Ö³ ¸
´Ê±²µ´ ³¨. „²Ö Éµ£µ ÎÉµ¡Ò ¶µ´ÖÉÓ, Ö¢²ÖÕÉ¸Ö ²¨ ³µ¤¥²¨ ´¥· ¢´µ¢¥¸´µ° Ô³¨¸-
¸¨¨ Î ¸É¨Í ²¨ÏÓ Ê¤µ¡´Ò³ ¸¶µ¸µ¡µ³ ¶ · ³¥É·¨§ Í¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´-
´ÒÌ ¨²¨ µ¸´µ¢ ´Ò ´  ¡µ²¥¥ £²Ê¡µ±¨Ì Ë¨§¨Î¥¸±¨Ì ¸µµ¡· ¦¥´¨ÖÌ, ´¥µ¡Ìµ¤¨³µ
Ê¸É ´µ¢¨ÉÓ ¨Ì ¸¢Ö§Ó ¸ ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±¨³¨ Ê· ¢´¥´¨Ö³¨ É¥µ·¨¨ Ö¤¥·´ÒÌ
·¥ ±Í¨° [19Ä21]. �Éµ ¶µ§¢µ²¨É £²Ê¡¦¥ ¶µ´ÖÉÓ Ë¨§¨Î¥¸±¨° ¸³Ò¸² ³µ¤¥²¥°,
µ¶·¥¤¥²¨ÉÓ µ¡² ¸ÉÓ ¨Ì ¶·¨³¥´¨³µ¸É¨ ¨, ±·µ³¥ Éµ£µ, ´ ³¥É¨ÉÓ ¶ÊÉ¨ ¨Ì ¤ ²Ó-
´¥°Ï¥£µ · §¢¨É¨Ö.

3. ��‹�‘’œ ��ˆŒ…�ˆŒ�‘’ˆ ”…��Œ…��‹�ƒˆ—…‘Šˆ•
Œ�„…‹…‰ „‹Ÿ ��ˆ‘��ˆŸ ‘’�’ˆ‘’ˆ—…‘Šˆ•

Œ��ƒ�‘’“�…�—�’›• �…�Š–ˆ‰

�£ ¸¸¨, ‚ °¤¥´³Õ²²¥· ¨ Œ ´§Ê· ´¨¸ (�‚Œ) [20], ¨¸¶µ²Ó§ÊÖ ¸É Í¨µ´ ·-
´Ò° ¶µ¤Ìµ¤ ‹¨¶¶³ ´ Ä˜¢¨´£¥·  ¢ ³¨±·µ¸±µ¶¨Î¥¸±µ° É¥µ·¨¨ Ö¤¥·´ÒÌ ·¥-
 ±Í¨°, ¶µ²ÊÎ¨²¨ ¶·µ¨´É¥£·¨·µ¢ ´´Ò¥ ¶µ ¢·¥³¥´¨ ±¨´¥É¨Î¥¸±¨¥ Ê· ¢´¥´¨Ö,
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¸µ¢¶ ¤ ÕÐ¨¥ ¸ Ê· ¢´¥´¨Ö³¨ ¡ ² ´¸  ¢ Ô±¸¨Éµ´´µ° ³µ¤¥²¨ ¶·¨ Ê¸²µ¢¨¨, ÎÉµ
∆E Å ¨´É¥·¢ ² Ê¸·¥¤´¥´¨Ö ¶µ Ô´¥·£¨¨ ∆E > 2〈W (N)〉, £¤¥ 〈W (N)〉 Å
Ê¸·¥¤´¥´´ Ö ³´¨³ Ö Î ¸ÉÓ µ¶É¨Î¥¸±µ£µ ´Ê±²µ´´µ£µ ¶µÉ¥´Í¨ ² .

”·¨¤³ ´ ¨ ¤·. ¶·¥¤²µ¦¨²¨ ³µ¤¥²Ó ®£´¥§¤µ¢ÒÌ¯ ¢Ìµ¤´ÒÌ ¸µ¸ÉµÖ´¨°
(Œƒ‚‘), µ¶¨¸Ò¢ ÕÐÊÕ ³´µ£µ¸ÉÊ¶¥´Î ÉÒ° ¶·µÍ¥¸¸ ¨¸¶Ê¸± ´¨Ö Î ¸É¨Í ¨§ ±µ³-
¶ Ê´¤-Ö¤·  [21]. �É  ³µ¤¥²Ó µÎ¥´Ó ¡²¨§±  ¶µ Ë¨§¨Î¥¸±µ³Ê ¸µ¤¥·¦ ´¨Õ ±
Ô±¸¨Éµ´´µ° ³µ¤¥²¨. ‚ ´¥° ¢Ìµ¤´Ò¥ ¸µ¸ÉµÖ´¨Ö £·Ê¶¶¨·ÊÕÉ¸Ö ¶µ ±² ¸¸ ³ ¸
· §²¨Î´Ò³¨ Ê¸·¥¤´¥´´Ò³¨ Ï¨·¨´ ³¨ Γn ¨ · ¸¸ÉµÖ´¨Ö³¨ ³¥¦¤Ê Ê·µ¢´Ö³¨
Dn, µ¡· §ÊÕÐ¨³¨ ¶µ¸²¥¤µ¢ É¥²Ó´µ¸ÉÓ Γ1 > Γ2 > . . . > Γn. “¸·¥¤´¥-
´¨¥ ¶·µ¢µ¤¨²µ¸Ó ¶µ ¨´É¥·¢ ² ³ Ô´¥·£¨¨ ∆En, ¶µ¤Î¨´ÖÕÐ¨³¸Ö Ê¸²µ¢¨Ö³
Γn−1 > ∆En > Γn, ¶·¨ ÔÉµ³ Γn > Dn ¨ Î¨¸²µ µÉ±·ÒÉÒÌ ± ´ ²µ¢ ¢¥²¨±µ.

Š ± ¡Ò²µ ¶µ± § ´µ ¢ [19], ´¥¸É Í¨µ´ ·´µ¥ Ê· ¢´¥´¨¥ ˜·¥¤¨´£¥· , µ¶¨-
¸Ò¢ ÕÐ¥¥ ¸¨¸É¥³Ê ®´ ²¥É ÕÐ Ö Î ¸É¨Í  + Ö¤·µ¯, ³µ¦¥É ¡ÒÉÓ ¸¢¥¤¥´µ ± ¸¨-
¸É¥³¥ ±¢ ´Éµ¢ÒÌ ±¨´¥É¨Î¥¸±¨Ì Ê· ¢´¥´¨° ¤²Ö Î¨¸¥² § ¶µ²´¥´¨Ö ´Ê±²µ´µ¢
²¨ÏÓ ¶·¨ µ£·Ê¡²¥´¨¨ Ô´¥·£¥É¨Î¥¸±µ° § ¢¨¸¨³µ¸É¨ ¢¸¥Ì ¢¥²¨Î¨´, ¢Ìµ¤ÖÐ¨Ì
¢ Ê· ¢´¥´¨Ö. �·¨ ÔÉµ³ ´¥µ¡Ìµ¤¨³µ, ÎÉµ¡Ò Ê± § ´´Ò° ¨´É¥·¢ ² Ê¸·¥¤´¥´¨Ö
∆E > 2〈W (N)〉. ‘· ¢´¨¢ Ö ±¢ ´Éµ¢µ¥ ±¨´¥É¨Î¥¸±µ¥ Ê· ¢´¥´¨¥ ¤²Ö ±µ´¥Î-
´ÒÌ µÉ±·ÒÉÒÌ ¸¨¸É¥³ [19] ¸ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨³ ±¨´¥É¨Î¥¸±¨³ Ê· ¢´¥´¨¥³
³µ¤¥²¨ •Œs, ³µ¦´µ ¢¨¤¥ÉÓ, ÎÉµ µ´¨ ·¥§±µ µÉ²¨Î ÕÉ¸Ö ¤·Ê£ µÉ ¤·Ê£  ¢ ¤¢ÊÌ
¸ÊÐ¥¸É¢¥´´ÒÌ ¶Ê´±É Ì: Ëµ·³µ° µÉÉµ±µ¢µ£µ Î²¥´  ¨ ¶²µÉ´µ¸ÉÓÕ µ¤´µÎ ¸É¨Î-
´ÒÌ ¸µ¸ÉµÖ´¨° �(ε) ¤²Ö ´¥¶·¥·Ò¢´µ£µ ¸¶¥±É· 

�(ε) =
(2s+ 1)2πVÖ(2m)3/2ε1/2

(2π�)3
, (14)

£¤¥ VÖ Å µ¡Ñ¥³ Ö¤· ; ε Å ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö, ±µÉµ· Ö ¸ÊÐ¥¸É¢¥´´µ µÉ-
²¨Î ¥É¸Ö µÉ Ô´¥·£¨¨ e, ¨¸¶µ²Ó§Ê¥³µ° ¢ Ê· ¢´¥´¨¨ ³µ¤¥²¨ •Œs: ε = e− U0;
U0 Å £²Ê¡¨´  Ö¤¥·´µ£µ ¶µÉ¥´Í¨ ² . ‚¥·µÖÉ´µ¸ÉÓ ¢ÒÌµ¤  Î ¸É¨ÍÒ ¨§ Ö¤· 
¢ µ¸´µ¢´µ³ µ¶·¥¤¥²Ö¥É¸Ö ¢¥·µÖÉ´µ¸ÉÓÕ ¥¥ ¶¥·¥Ìµ¤  ¢ ¸µ¸ÉµÖ´¨¥ ¸¶²µÏ´µ£µ
¸¶¥±É· . ‚Ò· ¦¥´¨¥ ¤²Ö ¢¥·µÖÉ´µ¸É¨ ¢ÒÌµ¤  Î ¸É¨ÍÒ ¨§ Ö¤·  Î¥·¥§ ¸¥Î¥´¨¥
µ¡· É´µ° ·¥ ±Í¨¨ É·¥¡Ê¥É ±µ··¥±É´µ£µ ¸µ¡²Õ¤¥´¨Ö Ê¸²µ¢¨° ¶·¨³¥´¨³µ¸É¨
¶·¨´Í¨¶  ¤¥É ²Ó´µ£µ · ¢´µ¢¥¸¨Ö. „²Ö ¶·¥¤· ¢´µ¢¥¸´ÒÌ ³µ¤¥²¥° (�Œ, ƒŒ)
ÔÉ¨ Ê¸²µ¢¨Ö ´¥ ¢¸¥£¤  ¢Ò¶µ²´ÖÕÉ¸Ö. „¥°¸É¢¨É¥²Ó´µ, ¥¸²¨ ¸µ¸É ¢´ Ö ¸¨¸É¥³ 
¢ N -Ô±¸¨Éµ´´µ³ ¸µ¸ÉµÖ´¨¨ ¨¸¶Ê¸± ¥É Î ¸É¨ÍÊ b ¨ Ëµ·³¨·Ê¥É ¤µÎ¥·´¥¥ Ö¤·µ
B ¢ NB-Ô±¸¨Éµ´´µ³ ¸µ¸ÉµÖ´¨¨, Éµ ¶·¨ µ¡· É´µ° ·¥ ±Í¨¨ B(NB) + b µ¡· §Ê-
¥É¸Ö ¶·µ³¥¦ÊÉµÎ´ Ö ¸¨¸É¥³ , ±µÉµ· Ö ³µ¦¥É ¸ § ³¥É´µ° ¢¥·µÖÉ´µ¸ÉÓÕ ¨³¥ÉÓ
¸µ¸ÉµÖ´¨Ö, µÉ²¨Î ÕÐ¨¥¸Ö µÉ ´ Î ²Ó´µ£µ. „·Ê£¨³¨ ¸²µ¢ ³¨, N -Ô±¸¨Éµ´´Ò¥ ¸µ-
¸ÉµÖ´¨Ö ´¥ ¨¸Î¥·¶Ò¢ ÕÉ ¶µ²´µ£µ ¡ §¨¸  ¸µ¸ÉµÖ´¨° ±µ³¶ Ê´¤-¸¨¸É¥³Ò, µ¡· -
§ÊÕÐ¨Ì¸Ö ¢ µ¡· É´µ° ·¥ ±Í¨¨. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ · ¸¶ ¤´ÊÕ Ï¨·¨´Ê Γ↑

N,b ´¥²Ó-
§Ö ¢Ò· §¨ÉÓ Î¥·¥§ ¸¥Î¥´¨¥ µ¡· É´µ° ·¥ ±Í¨¨, ¨¸¶µ²Ó§ÊÖ µ¡ÒÎ´Ò° ¶·¨´Í¨¶
¤¥É ²Ó´µ£µ · ¢´µ¢¥¸¨Ö. ‚¸²¥¤¸É¢¨¥ ÔÉµ£µ ¸ÊÐe¸É¢ÊÕÐ¨¥ ¢ ·¨ ´ÉÒ �Œ ³µ£ÊÉ
¶·¥É¥´¤µ¢ ÉÓ ²¨ÏÓ ´  µ¶¨¸ ´¨¥ ´¥¡µ²ÓÏ¨Ì µÉ±²µ´¥´¨° µÉ · ¢´µ¢¥¸´µ£µ ¨¸¶ -
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·¨É¥²Ó´µ£µ ¸¶¥±É· . ƒ² ¢´Ò° ´¥¤µ¸É Éµ± �Œ Å ´¥¢µ§³µ¦´µ¸ÉÓ ±µ··¥±É´µ£µ
µ¶¨¸ ´¨Ö Œ�� (µ¸µ¡¥´´µ 1�� ¸ ¸µ¸É ¢´Ò³¨ Î ¸É¨Í ³¨).

‚ [19] ¡Ò²µ ¶µ± § ´µ, ÎÉµ ¸ÊÐ¥¸É¢ÊÕÐ¨¥ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨¥ ³µ¤¥²¨
Ö¢²ÖÕÉ¸Ö ¶·¨¡²¨¦¥´´Ò³¨ ·¥Ï¥´¨Ö³¨ ±¨´¥É¨Î¥¸±¨Ì Ê· ¢´¥´¨° ¤²Ö µÉ±·ÒÉÒÌ
±µ´¥Î´ÒÌ ¸¨¸É¥³ ¨ ¶·¨£µ¤´Ò ²¨ÏÓ ¤²Ö Ê¸·¥¤´¥´´µ£µ µ¶¨¸ ´¨Ö Ô±¸¶¥·¨³¥´Éµ¢
¸ ¶²µÌ¨³ Ô´¥·£¥É¨Î¥¸±¨³ · §·¥Ï¥´¨¥³. �µ²Ó Ë¥´µ³¥´µ²µ£¨Î¥¸±¨Ì ³µ¤¥²¥°
¸¢µ¤¨É¸Ö ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¢ µ¸´µ¢´µ³ ± ¶ · ³¥É·¨§ Í¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¤ ´´ÒÌ.

4. Š‚��’�‚�Ÿ ’…��ˆŸ Œ��ƒ�‘’“�…�—�’›• ��ŸŒ›•
�…�Š–ˆ‰ ‚ ��‹�‘’ˆ �…��E�›‚��ƒ� ‘�…Š’�� ‘�‘’�Ÿ�ˆ‰

Š��…—��ƒ� Ÿ„�� (’Œ��)

‘Ëµ·³Ê²¨·Ê¥³ µ¸´µ¢´Ò¥ ¶µ²µ¦¥´¨Ö ’Œ�� [23] ´  ¶·¨³¥·¥ ¶·Ö³µ° ·¥-
 ±Í¨¨ A(p, p′)B. ƒ ³¨²ÓÉµ´¨ ´ ¸¨¸É¥³Ò A ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ´Ê±²µ´µ¢
¶·¥¤¸É ¢¨³ ¢ ¢¨¤¥

HA =
A∑
i=1

(Ti + UŒO
i ) +

1/2
A∑

i�=j=1

vij −
A∑
i=1

UŒ�
i

 = HŒ�
A + V A

µ¸É, (15)

£¤¥ UŒ�
i − ¸·¥¤´¨° ¶µÉ¥´Í¨ ² ³µ¤¥²¨ µ¡µ²µÎ¥± (Œ�); vij Å ÔËË¥±É¨¢´µ¥

¤¢ÊÌÎ ¸É¨Î´µ¥ ´Ê±²µ´-´Ê±²µ´´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥. ‚ Œ� (ph-¶·¥¤¸É ¢²¥´¨¥)
¢µ§¡Ê¦¤¥´´Ò¥ ¸µ¸ÉµÖ´¨Ö Ö¤·  A ±² ¸¸¨Ë¨Í¨·ÊÕÉ¸Ö Î¨¸²µ³ pn ¢µ§¡Ê¦¤¥´´ÒÌ
Î ¸É¨Í ¨ Î¨¸²µ³ hn ¤Ò·µ±:

HŒ�
A |pn, hn, βn〉 = Eβn |pn, hn, βn〉, (16)

£¤¥ βn Å ¶µ²´Ò° ´ ¡µ· ±¢ ´Éµ¢ÒÌ Î¨¸¥². ƒ ³¨²ÓÉµ´¨ ´ HŒ�
A µ¶·¥¤¥²Ö¥É

¸¨¸É¥³Ê ¡ §¨¸´ÒÌ Ô±¸¨Éµ´´ÒÌ ËÊ´±Í¨° {|pn, hn, βn〉}, ¶·¨ ÔÉµ³ ± ¦¤µ¥ ·¥-
 ²Ó´µ¥ (ÉµÎ´µ¥) ¢µ§¡Ê¦¤¥´´µ¥ ¸µ¸ÉµÖ´¨¥ Ö¤·  |f〉 ¸ Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö Uf
¨ ¶µ²´Ò³ ´ ¡µ·µ³ ±¢ ´Éµ¢ÒÌ Î¨¸¥² (f) Ö¢²Ö¥É¸Ö ¸Ê¶¥·¶µ§¨Í¨¥° ¡ §¨¸´ÒÌ
¸µ¸ÉµÖ´¨° (±µ´Ë¨£Ê· Í¨µ´´µ¥ ¸³¥Ï¨¢ ´¨¥):

|f〉 =
∑
n,βn

afnβn
(Uf )|pn, hn, βn〉. (17)

�Ê¸ÉÓ Ö¤·µ-³¨Ï¥´Ó AÅ Î¥É´µ-Î¥É´µ¥ Ö¤·µ (|0p0h〉-±µ´Ë¨£Ê· Í¨Ö ¸ EA = 0),
Éµ£¤  ± ¦¤µ¥ ÉµÎ´µ¥ ¢µ§¡Ê¦¤¥´´µ¥ ¸µ¸ÉµÖ´¨¥ |f〉 ±µ´¥Î´µ£µ Ö¤·  B (B = A∗)
§ ¶¨Ï¥³ ¢ ¢¨¤¥

|f〉 =
∑
β1

afβ1
(Uf )|1, 1, β1〉+ Sf (Uf ), (18)
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£¤¥ Sf (Uf ) Å ¸Ê³³  ¶µ ¡µ²¥¥ ¸²µ¦´Ò³ ±µ´Ë¨£Ê· Í¨Ö³ (2p2h, 3p3h ¨ É. ¶).
T 1��
p′p -³ É·¨Í  ·¥ ±Í¨¨ (p, p′) ¢ s�ˆ‚ (ph-¶·¥¤¸É ¢²¥´¨¥) ¸ ¢µ§¡Ê¦¤¥´¨¥³
¸µ¸ÉµÖ´¨Ö |f〉 (¸³. (18)) µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨Ö³¨

T 1��
p′p (k′

p,kp, f) =
∑
β1

af
∗

β1
tp′p(k′

p,kp, β1), (19 )

tp′p(k′
p,kp, β1) = 〈χ(−)

p′ (k′
p)|〈1, 1, β1|v|0〉|χ(+)

p (kp)〉. (19¡)

�¨¸. 1. ƒ· Ë¨± 1�� (p, p′)

— ¸ÉÓ Sf (Uf ) ¢µ²´µ¢µ° ËÊ´±Í¨¨ ±µ´¥Î´µ£µ
Ö¤·  |f〉 (¸³. (18)) ´¥ ¤ ¥É ¢±² ¤a ¢ T 1��

p′p , ¶µÉµ³Ê
ÎÉµ v Å ¤¢ÊÌÎ ¸É¨Î´Ò¥ ¸¨²Ò, ¸²¥¤µ¢ É¥²Ó´µ,
µ¤´o¸ÉÊ¶¥´Î É Ö ¶·Ö³ Ö ·¥ ±Í¨Ö (p, p′) µ¶¨¸Ò-
¢ ¥É¸Ö c ¶µ³µÐÓÕ £· Ë¨± , ¨§µ¡· ¦¥´´µ£µ ´ 

·¨¸. 1. ‚ (19) ¨¸± ¦¥´´ Ö ¢µ²´  χ
(±)
p (kp) Å

ÔÉµ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö

[εp − Tp − V
(p)
opt ]χ

(±)(kp) = 0 (20 )

¸ Ê¸²µ¢¨¥³ ´µ·³¨·µ¢±¨

〈χ̃(±)(kp)|χ(±)(k′
p)〉 = (2π)3δ(kp − k′

p), (20¡)

£¤¥ χ̃(±)(kp) Ê¤µ¢²¥É¢µ·Ö¥É Ê· ¢´¥´¨Õ

[εp − Tp − V
(p)∗

opt ]χ̃(±)(kp) = 0. (20¢)

‚ µ¡² ¸É¨ ´¥¶·¥·Ò¢´µ£µ ¸¶¥±É·  ¸µ¸ÉµÖ´¨° ±µ´¥Î´µ£µ Ö¤·  ¤¢ ¦¤Ò ¤¨ËË¥-
·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ (p, p′) ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¢¨¤¥ ¸Ê³³Ò ¶ ·Í¨ ²Ó´ÒÌ ¸¥Î¥-
´¨° ¸ ¢µ§¡Ê¦¤¥´¨¥³ µÉ¤¥²Ó´ÒÌ ¸µ¸ÉµÖ´¨° |f〉. ˆ¸¶µ²Ó§ÊÖ (19), ¶µ²ÊÎ¨³

d2σ1��p,p′ (kp,kp′)
dεp′dΩp′

=
2π�(εp′ ,Ωp′)

�vp

∑
f

δ(Uf − UB)×

×
∑
β1,β′

1

af
∗

β1
(Uf )a

f
β′
1
(Uf )tp′p(kp,kp′ , β1)t∗p′p(kp,kp′ , β

′
1), (21)

£¤¥ UB = εp − εp′ Å Ô´¥·£¨Ö ¢µ§¡Ê¦¤¥´¨Ö ±µ´¥Î´µ£µ Ö¤· ; �(εp′ ,Ωp′) Å
¶²µÉ´µ¸ÉÓ ¸µ¸ÉµÖ´¨° ¨¸¶Ê¸± ¥³µ£µ ¶·µÉµ´  ¢ ±µ´É¨´ÊÊ³¥ ¸ Ô´¥·£¨¥° εp′ ¨

´ ¶· ¢²¥´¨¥³ ¥£µ ¨³¶Ê²Ó¸  Ωp′ : �(εp′ ,Ωp′) =
mp′kp′

(2π)3�2
.
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ˆ§³¥·Ö¥³µ¥ ¸¥Î¥´¨¥ Ê¸·¥¤´Ö¥É¸Ö ¶µ ¡µ²ÓÏµ³Ê Î¨¸²Ê ±µ´¥Î´ÒÌ ¸µ¸ÉµÖ-
´¨° |f〉 (¶·¨ Γf � Df ) ¢ ¨´É¥·¢ ²¥ ∆E, £¤¥ ∆E Å Ô´¥·£¥É¨Î¥¸±µ¥ · §·¥-

Ï¥´¨¥ ¤¥É¥±Éµ· . Œµ¦´µ ¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ  ³¶²¨ÉÊ¤Ò {afβ1
(Uf )} ¸²ÊÎ °´Ò

¶µ §´ ±Ê ¨ ¢¥²¨Î¨´¥. ’µ£¤  ¨´É¥·Ë¥·¥´Í¨µ´´Ò¥ Î²¥´Ò ¢ (21) ¨¸Î¥§ ÕÉ ¶·¨
Ê¸·¥¤´¥´¨¨ ¶µ ±µ´¥Î´Ò³ ¸µ¸ÉµÖ´¨Ö³ |f〉 (¸É É¨¸É¨±  ±µ´¥Î´µ£µ ¸µ¸ÉµÖ´¨Ö):∑

f

af
∗

β1
(Uf )a

f
β′
1
(Uf )δ∆E(Uf − UB) =

= δβ1,β′
1

∑
f

|afβ1
(Uf )|2δ∆E(Uf − UB), (22)

£¤¥ δ∆E(Uf − UB) =
1
2π

∆E
(Uf − UB)2 +∆E2/4

. ˆ§ (22) ¸²¥¤Ê¥É, ÎÉµ

�̃(1, 1, β1, UB) =
∑
f

|afβ1
(Uf )|2δ∆E(Uf − UB) (23 )

Ö¢²Ö¥É¸Ö · ¸¶·¥¤¥²¥´¨¥³ ¸µ¸ÉµÖ´¨° |1, 1, β1〉 (1p1h-±µ´Ë¨£Ê· Í¨Ö) ¶µ ·¥ ²Ó-
´Ò³ ¸µ¸ÉµÖ´¨Ö³ ±µ´¥Î´µ£µ Ö¤·  ¸ Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö UB (¶ ·Í¨ ²Ó´Ò°
¢±² ¤ ¸µ¸ÉµÖ´¨Ö |1, 1, β1〉 ¢ ·¥ ²Ó´µ¥ ¸µ¸ÉµÖ´¨¥ ±µ´¥Î´µ£µ Ö¤· ). �·¨ ¤µ¶µ²-
´¨É¥²Ó´µ³ Ê¸·¥¤´¥´¨¨ �̃(1, 1, β1, UB) ¶µ β1〈∑

β1

�̃(1, 1, β1, UB)

〉
= �(1p, 1h, UB) (23¡)

¥¸ÉÓ ·¥ ²¨¸É¨Î¥¸± Ö ¶²µÉ´µ¸ÉÓ 1p1h-¸µ¸ÉµÖ´¨°.
’µ£¤  Ô´¥·£¥É¨Î¥¸±¨ Ê¸·¥¤´¥´´µ¥ ¸¥Î¥´¨¥ (21) ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¢¨¤¥

¸Ê³³Ò 1��-¸¥Î¥´¨° ¸ ¢µ§¡Ê¦¤¥´¨¥³ ¨§µ²¨·µ¢ ´´ÒÌ cocÉµÖ´¨° |1, 1, β1〉:〈
d2σ1��p,p′ (kp,kp′)

dεp′dΩp′

〉
∆E

=
2π�(εp′,Ωp′)

�vp
×

×
∑
β1

�̃(1, 1, β1, UB)|〈χ(−)
p′ (kp′)|〈1, 1, β1|v|0〉|χ(+)

p (kp)〉|2. (24)

‚ · ³± Ì ¸Ëµ·³Ê²¨·µ¢ ´´µ£µ ¢ÒÏ¥ ¶µ¤Ìµ¤  ¢ Œˆ‚ (ph-¶·¥¤¸É ¢²¥´¨¥)
T 2��p′p Å ³ É·¨Í  ¤¢ÊÌ¸ÉÊ¶¥´Î Éµ° ¶·Ö³µ° ·¥ ±Í¨¨ (p, p′′)(p′′, p) (¢Éµ·µ° ¶µ-
·Ö¤µ± ¡µ·´µ¢¸±µ£µ ·Ö¤ ) µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

T 2��p′p (kp′ ,kp, f) =
∑
f ′

〈χ(−)
p′ (kp′)|〈f |v|f1〉Ĝp′′(εp′′)〈f1|v|0〉|χ(+)

p (kp)〉. (25)
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‡¤¥¸Ó Ĝp′′(εp′′) Å £·¨´µ¢¸±¨° µ¶¥· Éµ· ¢ ¶·µ³¥¦ÊÉµÎ´µ³ ± ´ ²¥ (p′′)

Ĝp′′(εp′′) =
1

(εp′′ − Tp′′ − U
(p′′)
opt + iδ)

, (26)

£¤¥ εp′′ = εp − Uf1 ; |f1〉 ¨ |f〉 ¶·¥¤¸É ¢²¥´Ò ¢ ¢¨¤¥ ·Ö¤µ¢ (¸³. (17), (18))

|f1〉 =
∑
β1

af1β1
(Uf1)|1, 1, β1〉+ Sf1(Uf1),

|f〉 =
∑
γ1,f2

afγ1f2(Uf )|1, 1, γ1; f2〉+ Sf (Uf ),
(27)

£¤¥ |1, 1, γ1; f2〉 Å ¸µ¸ÉµÖ´¨¥, ¶µ²ÊÎ ¥³µ¥ ¤µ¡ ¢²¥´¨¥³ ´µ¢µ° |1, 1, γ1〉-¶ ·Ò ±
¸µ¸ÉµÖ´¨Õ |f2〉. �·¥¤¶µ² £ Ö, ÎÉµ ¶·¨ ´¥Ê¶·Ê£µ³ · ¸¸¥Ö´¨¨ ¶·µÉµ´  ¢ ± ¦¤µ³
 ±É¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢¥·µÖÉ´µ¸ÉÓ ·µ¦¤¥´¨Ö ´µ¢µ° 1p1h-¶ ·Ò (∆N = +2) ´¥
§ ¢¨¸¨É µÉ Ö¤¥·´µ° ¸É·Ê±ÉÊ·Ò |f2〉 ¨ |f1〉, ¨ ¶·¥´¥¡·¥£ Ö ¤·Ê£¨³¨ ¶·µÍ¥¸¸ ³¨
´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö (∆N = 0), ¨³¥¥³

〈1, 1, γ1; f2|v|f1〉δf2,f1〈1, 1, γ1|v|0〉. (28)

�¨¸. 2. ƒ· Ë¨± 2�� (p, p′) : (p, p′′)(p′′, p)

‘²¥¤µ¢ É¥²Ó´µ, ¤¢ÊÌ¸ÉÊ¶¥´Î É Ö ¶·Ö-
³ Ö ·¥ ±¨Ö (p, p′) µ¶¨¸Ò¢ ¥É¸Ö £· Ë¨-
±µ³, ¨§µ¡· ¦¥´´Ò³ ´  ·¨¸. 2.

�µ  ´ ²µ£¨¨ ¸ (22) ¨ (23), ¶·¥¤-
¶µ²a£ Ö, ÎÉµ  ³¶²¨ÉÊ¤Ò af1β1

¨ afγ1f2
¸²ÊÎ °´Ò ¶µ ¢¥²¨Î¨´¥ ¨ §´ ±Ê
(¸É É¨¸É¨±  ±µ´¥Î´µ£µ ¸µ¸ÉµÖ´¨Ö),
µ¶·¥¤¥²¨³ ·¥ ²¨¸É¨Î¥¸±¨¥ ¶ ·Í¨-
 ²Ó´Ò¥ ¶²µÉ´µ¸É¨ �̃(1, 1, β1, U1) ¨
�̃(1, 1, γ1; f2, UB) ¸ ¶µ³µÐÓÕ ¸µµÉ´µ-
Ï¥´¨°∑

f1

a
f∗
1
β1
(Uf1)a

f1
β′
1
(Uf1)δ∆E(Uf1 − U1) = δβ1,β′

1
�̃(1, 1, β1, U1),

U1 = εp − εp′′ ,∑
f

af
∗

γ1f2
(Uf )a

f
γ1f ′

2
(Uf )δ∆E(Uf − UB) = δγ1,γ′

1
δf2,f ′

2
�̃(1, 1, γ1; f2, UB),

UB = εp − εp′ ,

(29)

¶·¨ ÔÉµ³

�̃(1, 1, γ1; f2, UB)�̃(1, 1, γ1, U2), £¤¥ U2 = εp′′ − εp′ . (30)
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ˆ¸¶µ²Ó§ÊÖ (25)Ä(30), ¤²Ö Ô´¥·£¥É¨Î¥¸±¨ Ê¸·¥¤´¥´´µ£µ 2��-¸¥Î¥´¨Ö ¶µ²ÊÎae³:

〈
d2σ2��p,p′ (kp,kp′)

dεp′dΩp′

〉
∆E

=
2π�(εp′ ,Ωp′)

�vp
×

×
∑
β1,γ1

εp∫
εp′

dεp′′�̃(1, 1, γ1, εp′′ − εp′)�̃(1, 1, β1, εp − εp′′)×

×
∫

dε′p′′dΩ
′
p′′�(ε

′
p′′ ,Ω

′
p′′)|〈χ

(−)
p′ (k′

p)|〈1, 1, γ1|v|0〉|χ
(+)
p′′ (k

′
p′′〉 ×

× (εp′′ − ε′p′′ + iδ)−1〈χ̃(+)
p′′ (k

′
p′′)|〈1, 1, β1|v|0〉|χ(+)

p (kp)〉|2. (31)


¥É·Ê¤´µ ¶µ± § ÉÓ, ÎÉµ ¢ · ³± Ì ¸É É¨¸É¨±¨ ±µ´¥Î´µ£µ ¸µ¸ÉµÖ´¨Ö ¨´É¥·Ë¥-
·¥´Í¨Ö  ³¶²¨ÉÊ¤ 1�� ¨ 2�� ¨¸Î¥§ ¥É.

”µ·³ ²¨§³ ’Œ�� (ph-¶·¥¤¸É ¢²¥´¨¥) ¤²Ö (p, p′) ²¥£±µ µ¡µ¡Ð¨ÉÓ ´  ¶µ-
¢¥·Ì´µ¸É´Ò¥ ·¥ ±Í¨¨ A(a, b)B ¸ ÊÎ ¸É¨¥³ ¸µ¸É ¢´ÒÌ Î ¸É¨Í (¢±² ¤ ¢ ¸¥Î¥-
´¨¥, µ¶·¥¤¥²Ö¥³Ò° ±² ¸É¥·´µ° µ¡² ¸ÉÓÕ Ö¤· ). 
 ¶·¨³¥·, µ¤´µ¸ÉÊ¶¥´Î É Ö
¨ ¤¢ÊÌ¸ÉÊ¶¥´Î É Ö ¶·Ö³Ò¥ ·¥ ±Í¨¨ ¶µ¤Ì¢ É  (p, b) µ¶¨¸Ò¢ ÕÉ¸Ö £· Ë¨± ³¨
(¶µ  ´ ²µ£¨¨ ¸ ·¨¸. 1, 2), ¶·¨¢¥¤¥´´Ò³¨ ´  ·¨¸. 3, 4. 
  ·¨¸. 3, 4 ¶µ± § ´o
Vpx − p− x-¢§ ¨³µ¤¥°¸É¢¨¥: Vpx =

∑
(
iεp,
jεx

) vij ; 0pxh-±µ´Ë¨£Ê· Í¨Ö ¸µ¸ÉµÖ´¨°

±µ´¥Î´µ£µ Ö¤· , ¢µ§¡Ê¦¤ ¥³ÒÌ ¶·Ö³Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³ Vpx. ‚ ¸µµÉ¢¥É¸É¢¨¨
¸ ¶· ¢¨² ³¨ · ¸Ï¨Ë·µ¢±¨ £· Ë¨±µ¢ ¢ ’Œ�� Ô´¥·£¥É¨Î¥¸±¨ Ê¸·¥¤´¥´´Ò¥
1��- ¨ 2��-¸¥Î¥´¨Ö ¶µ¢¥·Ì´µ¸É´µ° ·¥ ±Í¨¨ (p, b) (x-¶µ¤Ì¢ É, x = b − 1)

�¨¸. 3. ƒ· Ë¨± 1�� (p, b) (x-¶µ¤-
Ì¢ É, x = b − 1)

�¨¸. 4. ƒ· Ë¨± 2�� (p, p′)(p′, b) (x-¶µ¤Ì¢ É,
x = b − 1)



794 †ˆ‚��ˆ‘–…‚ ”.�., •“��‹‘“• C.

µ¶·¥¤¥²ÖÕÉ¸Ö ¢Ò· ¦¥´¨Ö³¨ ¢ Œˆ‚ [24]:〈
d2σ1��p,b (kp,kb)

dεbdΩb

〉
∆E

=
∑

β′
1,L,S,I

(2I + 1)�̃(0, x, β′
1, LSI, UB)S

BA
β′
1LSI

×

×
dσ1��p,b (kp,kb, β′

1, LSI)
dΩb

, (32 )

£¤¥ SBAβ′
1,LSI

Å ¸¶¥±É·µ¸±µ¶¨Î¥¸±¨° Ë ±Éµ·; I Å ¶¥·¥¤ ¢ ¥³Ò° ¶µ²´Ò° ³µ-

³¥´É, ¸±² ¤Ò¢ ÕÐ¨°¸Ö ¨§ µ·¡¨É ²Ó´µ£µ ³µ³¥´É  L ¨ ¸¶¨´µ¢µ£µ ³µ³¥´É  S
(¶·¨ IA = 0, I = IB); 0pxh-±µ´Ë¨£Ê· Í¨Ö ¢ Œ� µ¶·¥¤¥²Ö¥É¸Ö § ¤ ´¨¥³
±¢ ´Éµ¢ÒÌ Î¨¸¥² β′

1, LSI;

dσ1��p,b (kp,kb, β′
1, LSI)

dΩb
=

2π
�vp

�b(εb,Ωb)×

× |〈χ(−)
b (kb)ϕb|〈0, x, β′

1, LSI|Vpx|0〉|χ(+)
p (kp)〉|2, (32¡)

〈
dσ2��p,b (kp,kb)

dεbdΩb

〉
∆E

=

=
∑

β′
2,LSI,β1

εp∫
εb−Qbp

dεp′(2I + 1)�̃(0, x, β′
2, LSI, εp′ − εb +Qbp)×

× �̃(1, 1, β1, εp − εp′)SBAβ′
2,LSI

dσ2��p,b (kp,kb, β1, β′
2, LSI)

dΩb
, (33 )

dσ2��p,b (kp,kb, β1, β′
2, LSI)

dΩb
=

2π
�vp

�b(εb,Ωb)×

×
∫

dε′p′dΩ
′
p′�(ε

′
p′ ,Ω

′
p′)〈χ

(−)
b (kb)ϕb|〈0, x, β′

2, LSI|Vpx|0〉|χ(+)p′(kp′)〉 ×

× (εp′ − ε′p′ + iδ)−1〈χ̃(+)
p′ (k′

p′)|〈1, 1, β1|v|0〉|χ(+)
p (kp)〉|2. (33¡)

‚ (32) ¨ (33) �b(εb,Ωb) =
mbkb
2π3�2

, Qbp = Bp −Bb, UB = εp +Bp − εb −Bb.

�´ ²µ£¨Î´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö 1��- ¨ 2��-¸¥Î¥´¨° ¤²Ö ²Õ¡µ° ¶µ¢¥·Ì-
´µ¸É´µ° ·¥ ±Í¨¨ A(a, b)B ¸ ÊÎ ¸É¨¥³ ¸µ¸É ¢´ÒÌ Î ¸É¨Í ²¥£±µ ¶µ²ÊÎ¨ÉÓ, ¶·¨
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ÔÉµ³  ³¶²¨ÉÊ¤  ¶·Ö³µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö µ¶·¥¤¥²Ö¥É¸Ö Veff = VbB −U
(b)
opt [24].

�·¨ µÍ¥´±e 1��- ¨ 2��-¸¥Î¥´¨° (24), (31), (32 ) ¨ (33 ) É·¥¡Ê¥É¸Ö ¢ÒÎ¨¸²¨ÉÓ
�̃(pn, hn, βn, U). ‚ [23] ¶·¥¤¶µ² £ ¥É¸Ö, ÎÉµ ¶·µ¸Éµ¥ Î ¸É¨Î´µ-¤Ò·µÎ´µ¥ ¸µ-
¸ÉµÖ´¨¥ |pn, hn, βn〉 · ¸¶·¥¤¥²¥´µ ¶µ ·¥ ²Ó´Ò³ ¸µ¸ÉµÖ´¨Ö³ ±µ´¥Î´µ£µ Ö¤· 
¶µ § ±µ´Ê ƒ Ê¸¸  ¨²¨ ‹µ·¥´Í :

�̃(pn, hn, βn, U) =


1

Γ
√
2π

exp
[
− (Eβn − U)2

2Γ2

]
,

Γ
2π

/[(U − Eβn)2 + (Γ/2)2],

(34)

£¤¥ Eβn Å Ô´¥·£¨Ö |pn, hn, βn〉-¸µ¸ÉµÖ´¨Ö, µ¶·¥¤¥²Ö¥³ Ö ¢ ³µ¤¥²¨ µ¡µ²µÎ¥±;
Γ Å Ï¨·¨´  · ¸¶·¥¤¥²¥´¨Ö (¢ · ¸Î¥É Ì Γ ¶µ² £ ²a¸Ó · ¢´µ° 4 ŒÔ‚). � ¸-

Î¥ÉÒ
dσ1��a,b (LSI)

dΩb
¢ s�ˆ‚ ¢Ò¶µ²´ÖÕÉ¸Ö ¶µ ¶·µ£· ³³¥ DWUCK (DWUCK4,

DWUCK5) [25]. �¸´µ¢´µ¥ ¤µ¸Éµ¨´¸É¢µ ’Œ��: ¢ · ³± Ì ¸É É¨¸É¨±¨ ±µ´¥Î-
´µ£µ ¸µ¸ÉµÖ´¨Ö (¸²ÊÎ °´µ¥ ±µ´Ë¨£Ê· Í¨µ´´µ¥ ¸³¥Ï¨¢ ´¨¥ µ¡µ²µÎ¥Î´ÒÌ (¡ -
§¨¸´ÒÌ) ¸µ¸ÉµÖ´¨° ±µ´¥Î´µ£µ Ö¤· ) Ô´¥·£¥É¨Î¥¸±¨ Ê¸·¥¤´¥´´µ¥ ¸¥Î¥´¨¥ ·¥-
 ±Í¨¨ Å ¸Ê³³  ¢±² ¤µ¢, µ¡Ê¸²µ¢²¥´´ÒÌ ¢µ§¡Ê¦¤¥´¨¥³ ¡µ²ÓÏµ£µ Î¨¸²  ·¥-
 ²Ó´ÒÌ ¸µ¸ÉµÖ´¨° ±µ´¥Î´µ£µ Ö¤· , ¸¢µ¤¨É¸Ö ± ¸Ê³³¥ ¶ ·Í¨ ²Ó´ÒÌ ¸¥Î¥´¨°
¢ Œˆ‚ ¸ ¢µ§¡Ê¦¤¥´¨¥³ ³´µ£µ ³¥´ÓÏ¨Ì ¶µ Î¨¸²Ê ¡µ²¥¥ ¶·µ¸ÉÒÌ (Î ¸É¨Î´µ-
¤Ò·µÎ´ÒÌ) ¸µ¸ÉµÖ´¨°. �¸´µ¢´Ò¥ ´¥¤µ¸É É±¨ · ¸Î¥Éµ¢ ¢ ’Œ��: §´ Î¨É¥²Ó´Ò¥
³ É¥³ É¨Î¥¸±¨¥ É·Ê¤´µ¸É¨ ¶·¨ ÊÎ¥É¥ É·¥ÉÓ¥° ¨ ¶µ¸²¥¤ÊÕÐ¨Ì ¸É ¤¨° ³´µ£µ-
¸ÉÊ¶¥´Î Éµ£µ ¶·Ö³µ£µ ¶·µÍ¥¸¸  ¨ ³´µ¦¥¸É¢¥´´µ£µ ¢ÒÌµ¤  Î ¸É¨Í (¢±² ¤ n��
(n≥3) ¨ ³´µ¦¥¸É¢¥´´Ò° ¢ÒÌµ¤ Î ¸É¨Í Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ ·µ¸Éµ³ Ô´¥·£¨¨ ¶ ¤ Õ-
Ð¨Ì Î ¸É¨Í); ´¥µ¡Ìµ¤¨³µ¸ÉÓ ¸ÉÒ±µ¢±¨ ’Œ�� (¶·¨ ÊÎ¥É¥ ³´µ£µ¸ÉÊ¶¥´Î ÉÒÌ
±µ³¶ Ê´¤-¶·µÍ¥¸¸µ¢) ¸ ±µ·¥´´Ò³ µ¡· §µ³ µÉ²¨Î ÕÐ¥°¸Ö ¸É É¨¸É¨Î¥¸±µ° ³µ-
¤¥²ÓÕ Ö¤¥·´ÒÌ ·¥ ±Í¨°, ¶·¨ ÔÉµ³ µ¸µ¡ÊÕ ¶·¨¢²¥± É¥²Ó´µ¸ÉÓ ¨³¥ÕÉ ¶µ¤Ìµ¤Ò
¨ ³µ¤¥²¨, µ¸´µ¢Ò¢ ÕÐ¨¥¸Ö ´  ¥¤¨´ÒÌ Ë¨§¨Î¥¸±¨Ì ³¥Éµ¤ Ì µ¶¨¸ ´¨Ö,   ´¥
¸µ¸É ¢²¥´´Ò¥ ¨§ ¸µÎ¥É ´¨Ö · §´ÒÌ ³µ¤¥²¥°.

5. Š‚��’�‚�Ÿ ’…��ˆŸ ‘’�’ˆ‘’ˆ—…‘Šˆ•
Œ��ƒ�‘’“�…�—�’›• Š�Œ��“�„-���–…‘‘�‚ (‘ŒŠ�)
ˆ ‘’�’ˆ‘’ˆ—…‘Šˆ• Œ��ƒ�‘’“�…�—�’›• ��ŸŒ›•
���–…‘‘�‚ (‘Œ��) (”��Œ�‹ˆ‡Œ ”…˜��•A, Š…�Œ���,

Š���ˆ�� (”ŠŠ))

‘Ëµ·³Ê²¨·Ê¥³ µ¸´µ¢´Ò¥ ¶µ²µ¦¥´¨Ö Ëµ·³ ²¨§³  ”ŠŠ ´  ¶·¨³¥·¥ Ö¤¥·-
´ÒÌ ·¥ ±Í¨° ¸ ´Ê±²µ´ ³¨. ‚ ¥¤¨´µ° É¥µ·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° [26] (¢ ¸É -
Í¨µ´ ·´µ³ ¶µ¤Ìµ¤¥) § ¤ Î  µ ¢§ ¨³µ¤¥°¸É¢¨¨ ¶ ¤ ÕÐ¥£µ ´Ê±²µ´  ¸ Ö¤·µ³
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A (·¥ ±Í¨Ö A(a, b)B; a, b = p, n), µ¶¨¸Ò¢ ¥³ Ö ¶µ²´Ò³ £ ³¨²ÓÉµ´¨ ´µ³ ¸¨-
¸É¥³Ò

HΨ(+) = EaΨ(+), H =
A+1∑
i=1

Ti +
1
2

A+1∑
i�=j=1

vij , (35)

·¥Ï ¥É¸Ö ¢Ò¤¥²¥´¨¥³ ¨§ ¶µ²´µ° ¢µ²´µ¢µ° ËÊ´±Í¨¨ Ψ(+) ¸ ¶µ³µÐÓÕ ¶·µ-
¥±Í¨µ´´ÒÌ µ¶¥· Éµ·µ¢ P̂ ¨ Q̂ ¢µ²´µ¢µ° ËÊ´±Í¨¨ µÉ±·ÒÉÒÌ ± ´ ²µ¢ P̂Ψ(+)

(¶·µ¸É· ´¸É¢µ ¸µ¸ÉµÖ´¨° · ¸¸¥Ö´¨Ö ≡ ´¥¸¢Ö§ ´´Ò¥ ¸µ¸ÉµÖ´¨Ö (±µ´É¨´ÊÊ³))
¨ ¢µ²´µ¢µ° ËÊ´±Í¨¨ § ±·ÒÉÒÌ ± ´ ²µ¢ Q̂(+)(≡ ¸¢Ö§ ´´Ò¥ (±¢ §¨¸¢Ö§ ´´Ò¥))
¸µ¸ÉµÖ´¨Ö (¤¨¸±·¥É´Ò° (±¢ §¨¤¨¸±·¥É´Ò°) (D > Γ) ¨ ´¥¶·¥·Ò¢´Ò° (Γ > D)
¸¶¥±É·Ò).

‚ ³¥Éµ¤¥ ¶·µ¥±Í¨µ´´ÒÌ µ¶¥· Éµ·µ¢ Tba-³ É·¨Í  ·¥ ±Í¨¨ § ¶¨¸Ò¢ ¥É¸Ö ¢
¢¨¤¥ [27]:

Tba = TŒ��ba + TŒŠ�ba , (36)

£¤¥ TŒ��ba -³ É·¨Í  µ¶¨¸Ò¢ ¥É ³´µ£µ¸ÉÊ¶¥´Î ÉÒ¥ ¶·Ö³Ò¥ ¶·µÍ¥¸¸Ò (Œ��) Å
¶¥·¥Ìµ¤Ò, µ¡Ê¸²µ¢²¥´´Ò¥ ¸¢Ö§ÓÕ · §²¨Î´ÒÌ ´¥¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨° (µÉ±·Ò-
ÉÒÌ ± ´ ²µ¢):

TŒ��ba =
1
2πi

(δb,a − 〈x(−)
b (kb)|x(+)

a (ka)〉), (37)

TŒŠ�ba -³ É·¨Í  µ¶¨¸Ò¢ ¥É ³´µ£o¸ÉÊ¶¥´Î ÉÒ¥ ±µ³¶ Ê´¤-¶·µÍ¥¸¸Ò (ŒŠ�) Å
¶¥·¥Ìµ¤Ò ¨§ ´¥¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨° (µÉ±·ÒÉÒÌ ± ´ ²µ¢) ¢ § ±·ÒÉÒ¥ ± ´ ²Ò
(¸¢Ö§ ´´Ò¥ ¨ ±¢ §¨¸¢Ö§ ´´Ò¥ ¸µ¸ÉµÖ´¨Ö) ¨ µ¡· É´µ:

TŒŠ�ba = 〈x(−)
b (kb)|VPQ(Ea − hQQ)−1VQP |x(+)

a (ka)〉. (38)

‚ (37) ¨ (38) |x(+)
a (ka)〉, |x(−)

b (kb)〉 Å ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö ¢ P -¶·µ¸É· ´¸É¢¥

(Ea −Hopt)x(±)
p = 0, (39)

Hopt = HPP +HPQ(Ea −HQQ + i∆E)−1HQP , (40)

hQQ = HQQ +WQQ = HQQ + VQP (Ea −Hopt)−1VPQ, (41)

WQQ = VQP (Ea −Hopt)−1VPQ, (42)

VPQ = HPQ

[
i∆E

Ea −HQQ + i∆E

]1/2
,

VQP =
[

i∆E
Ea −HQQ + i∆E

]1/2
HQP ,

(43)
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¶·¨ ÔÉµ³ 〈TŒŠ�ba 〉∆E = 0. “Î¥É ¶·µ³¥¦ÊÉµÎ´ÒÌ ¸µ¸ÉµÖ´¨° (�‘) ²Õ¡µ£µ
¶µ·Ö¤±  (¸µ¸ÉµÖ´¨Ö ¢µ§· ¸É ÕÐ¥° ¸²µ¦´µ¸É¨) Å cµ¡¸É¢¥´´Ò¥ ËÊ´±Í¨¨ £ -
³¨²ÓÉµ´¨ ´  hQQ (41) ²¨¡µ Hopt (40) ¢ ³¥Éµ¤¥ ¶·µ¥±Í¨µ´´ÒÌ µ¶¥· Éµ·µ¢

µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¶·¥¤¸É ¢²¥´¨¥³ Q̂ ¨ P̂ ¢ ¢¨¤¥ [27]:

Q̂ =
∑
n

Q̂n; Q̂nQ̂m = δn,mQ̂n, P̂ =
∑
n

P̂n; P̂nP̂m = δn,mP̂n, (44)

¶·¨ ÔÉµ³ ¸²µ¦´µ¸ÉÓ �‘ Ì · ±É¥·¨§Ê¥É¸Ö ¢µ§· ¸É ´¨¥³ Î¨¸²  Ô±¸¨Éµ´µ¢ N
(¸³. ¶. 1.2). ‚ ¶·¥¤¶µ²µ¦¥´¨¨ ¤¢ÊÌÎ ¸É¨Î´µ£µ µ¸É ÉµÎ´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö
´ ±² ¤Ò¢ ÕÉ¸Ö ¤µ¶µ²´¨É¥²Ó´Ò¥ Ê¸²µ¢¨Ö

hn,m = Vn,m ≡ v, |n−m| ≤ 1,
(45)

hn,m = Q̂nhQQQ̂m = 0, P̂nHoptP̂m = 0, ¥¸²¨ |n−m| ≥ 2.

5.1. Š¢ ´Éµ¢ Ö É¥µ·¨Ö ¸É É¨¸É¨Î¥¸±¨Ì ³´µ£µ¸ÉÊ¶¥´Î ÉÒÌ ±µ³¶ Ê´¤-
¶·µÍ¥¸¸µ¢ (‘ŒŠ�). �·¨ ¢Ò¶µ²´¥´¨¨ Ê¸²µ¢¨° (44) ¨ (45) TŒŠ�ba -³ É·¨ÍÊ
(38) ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ ¸Ê³³Ò ¶ ·Í¨ ²Ó´ÒÌ ¢±² ¤µ¢ µÉ µÉ¤¥²Ó´ÒÌ
¸É ¤¨°:

TŒŠ�ba =
r∑

n=1

TŒŠ�ba(n), (46)

£¤¥

TŒŠ�ba(n) = 〈x(−)
b (kb)|VP,nG(b)

n Vn,n−1G
(b)
n−1Vn−1,n−2 . . . V2,1G

(b)
1 V1,P |x(+)

a (ka)〉,
(47)

Vn,n−1 ≡ hn,n−1 = Q̂nhQQQ̂n−1, VP,n = P̂ VPQQ̂n, V1P = Q̂1VQP P̂ ,

G
(b)
n Å ËÊ´±Í¨Ö ƒ·¨´  (¶·µ¶ £ Éµ·) ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ �‘ n-£µ ¶µ·Ö¤±  ¢

Qn-¶·µ¸É· ´¸É¢¥ (n-Ö ¸É ¤¨Ö ³´µ£µ¸ÉÊ¶¥´Î Éµ£µ ¶·µÍ¥¸¸ ):

G(b)
n (Ea) = Q̂n(Ea − hn,n − ωn,n)−1Q̂n,

£¤¥

ωn,n = Vn,n+1G
(b)
n+1(Ea)Vn,n+1. (48)

�µ¸²¥¤µ¢ É¥²Ó´µ¸ÉÓ µ¶¥· Éµ·µ¢ Vn,n−1 ¢ (47) µ¶¨¸Ò¢ ¥É ¶·µÌµ¦¤¥´¨¥ Í¥-
¶µÎ±¨ �‘ ¸ · ¸ÉÊÐ¥° ¸²µ¦´µ¸ÉÓÕ (Ê¢¥²¨Î¥´¨¥³ Î¨¸²  Ô±¸¨Éµ´µ¢ N ) ¤µ ´¥-

±µÉµ·µ£µ §´ Î¥´¨Ö r (r Å · ¢´µ¢¥¸´ Ö ¸É ¤¨Ö, ¶·¨ ÔÉµ³ G
(b)
r+1≡0):

¢µ§³µ¦´ Ö Ô³¨¸¸¨Ö
1p → 2p1h ↑→ 3p2h ↑→ 4p3h ↑→ . . . ± · ¢´µ¢¥¸¨Õ (r).
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…¸²¨ ¢Ò¶µ²´ÖÕÉ¸Ö Ê¸²µ¢¨Ö Γn � Dn−1 > Dn (¶·¨¡²¨¦¥´¨¥ ¸¨²Ó´µ°
¸¢Ö§¨) ¤²Ö n ≤ r, Éµ ÔËË¥±ÉÒ ¶¥·¥Ìµ¤  ¢ ¡µ²¥¥ ¸²µ¦´Ò¥ ±µ´Ë¨£Ê· Í¨¨

¢ G
(b)
n µ¡Ê¸² ¢²¨¢ ÕÉ ¸² ¡ÊÕ Ô´¥·£¥É¨Î¥¸±ÊÕ § ¢¨¸¨³µ¸ÉÓ µ¶¥· Éµ·µ¢ ωn,n

(¸³. (48)). ’µ£¤  ¤²Ö G(b)
n ¨³¥¥³

G(b)
n (Ea) =

∑
βn

|pn, hn, βn〉(Ea − Eβn)
−1 ˜〈pn, hnβn|, (49)

£¤¥ |pn, hn, βn〉 Å ¸µ¡¸É¢¥´´Ò¥ ËÊ´±Í¨¨ µ¶¥· Éµ·  H
(b)
n,n = [hn,n + ωn,n]

(¸¢Ö§ ´´ Ö (±¢ §¨¸¢Ö§ ´´ Ö) ±µ´Ë¨£Ê· Í¨Ö ¸¨¸É¥³Ò ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì pn =
n+ 1 Î ¸É¨Í ¨ hn = n ¤Ò·µ± ¸ Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö Eβn):

[Eβn −H(b)
n,n]|pn, hn, βn〉 = 0, [E∗

βn
−H(b)+

n,n ] ˜|pn, hn, βn〉 = 0, (50)

¶·¨Î¥³ 2�Eβn = Γn,βn Å ¶µ²´ Ö Ï¨·¨´  �‘ n-£µ ¶µ·Ö¤± . ‚ · ³± Ì ËÊ´¤ -
³¥´É ²Ó´µ£µ ¸É É¨¸É¨Î¥¸±µ£µ ¶·¥¤¶µ²µ¦¥´¨Ö µ ¸²ÊÎ °´µ¸É¨ Ë § ³ É·¨Î´ÒÌ
Ô²¥³¥´Éµ¢ ¶·¨ Ê¸·¥¤´¥´¨¨ ¶µ ±¢ ´Éµ¢Ò³ Î¨¸² ³ �‘ (¢ ¸²ÊÎ ¥ ¸² ¡µ° ±µ³-

¶²¥±¸´µ¸É¨: |pn, hn, βn〉  ˜|pn, hn, βn〉 ¨ |x(−)
c 〉  |x̃(+)

c 〉, ¶·¨Î¥³ |x(+)
a (ka)〉 =

|χ(+)
lasj

(εa)〉|0〉 ¨ |x(−)
b (kb)〉 = |χ(−)

lbs′j
(εb)〉|pν , hν , γν , IB , UBν ,γν 〉) ¨ Ê¸·¥¤´¥´¨¨

¶µ ¡µ²ÓÏµ³Ê Î¨¸²Ê ±µ´¥Î´ÒÌ ¸µ¸ÉµÖ´¨° ¢ ¨´É¥·¢ ²¥ ∆E
(¸³. · §¤. 4) ¨§ (47) ¢ %-¶·¥¤¸É ¢²¥´¨¨ ¤²Ö Ô´¥·£¥É¨Î¥¸±¨ Ê¸·¥¤´¥´´µ£µ ¸¥-
Î¥´¨Ö ¶µ²ÊÎ¨³

d2σa,b(ka,kb)
dεbdΩb

≡
〈
d2σŒŠ�a,b (ka,kb)

dεbdΩb

〉
∆E

=

=
∑

L,J,la,lb,s,s′

(−1)s
′−s

4π
Z(laJlaJ ; sL)×

× Z(lbJlbJ ; s′L)PL(cosΘb)
dσa,b(εa, la, s; εb, lb, s

′; J)
dεb

, (51)

£¤¥ Z(lJlJ ; sL) Å ±µÔËË¨Í¨¥´ÉÒ s² ÉÉ Äs¨¤¥´Ì ·´ ,

dσa,b(εa, la, s; εb, lb, s
′; J)

dεb
=

=
r∑

n=1

n+1∑
ν=n−1

σa(1, εa, la, s, J)D(n)
Γ↑
n,ν(Ea, εb, lb, s

′, J)
Γn(Ea, J)

, (52)
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D(n) Å Ë ±Éµ· µ¡¥¤´¥´¨Ö:

D(n) =
n−1∏
k=1

[
Γ↓
k(Ea, J)
Γk(EaJ)

]
, (53)

σ‘ŒŠ�a (1, εa, la, s, J) Å ¸¥Î¥´¨¥ µ¡· §µ¢ ´¨Ö ¸µ¸Éa¢´µ° ¸¨¸É¥³Ò ¢µ ¢Ìµ¤´µ³
±¢ §¨¸¢Ö§ ´´µ³ ¸µ¸ÉµÖ´¨¨ ¸ ¶µ²´Ò³ ¸¶¨´µ³ J ¢ Q1:

σ‘ŒŠ�a (1, εa, la, s, J) =
π

k2a
T
J(‘ŒŠ�)
la,s

(εa). (54)

‚ ¶µ¸²¥¤´¥³ ¢Ò· ¦¥´¨¨ T
J(‘ŒŠ�)
la,s

(εa) Å ±µÔËË¨Í¨¥´É ¶·µ´¨Í ¥³µ¸É¨ ¤²Ö

‘ŒŠ�; Γ↑
n,ν(Ea, εb, lb, s′, J) Å ¶ ·Í¨ ²Ó´ Ö Ï¨·¨´  · ¸¶ ¤  ±¢ §¨¸¢Ö§ ´-

´µ£µ �‘ n-£µ ¶µ·Ö¤±  ¢ ¢ÒÌµ¤´µ° ± ´ ² (b) ¢ Pν ; Γ↓
n(Ea, J) Å ·¥² ±¸ Í¨µ´-

´ Ö Ï¨·¨´ ; Γ↑
n(Ea, J) Å · ¸¶ ¤´ Ö Ï¨·¨´ :

Γ↑
n(Ea, J) =

∑
b

n+1∑
ν=n−1

Ea−Bb∫
0

dεbΓ↑
n,ν(Ea, εb, lb, s

′, J). (55)

„²Ö ¶µ²´µ£µ ¸¥Î¥´¨Ö ‘ŒŠ�-·¥ ±Í¨¨ σ‘ŒŠ�a (εa) (51) ¨³¥¥³

σ‘ŒŠ�a (εa) =
∑
b

∫
dεbdΩb

d2σ‘ŒŠ�a,b (ka,kb)
dεbdΩb

=

=
π

k2a

∑
J,la,s

2J + 1
(2sa + 1)(2IA + 1)

T
J(‘ŒŠ�)
las

(εa). (56)

� ·Í¨ ²Ó´Ò° ¢±² ¤ ¢
dσ‘ŒŠ�a,b (εa, εb)

dεb
µÉ ¶µ¸²¥¤´¥° (· ¢´µ¢¥¸´µ°) ¸É ¤¨¨ r

(¤²Ö ¸É ¤¨¨ r Γr = Γ↑
r) ³µ¦´µ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

dσ‘ŒŠ�a,b(r) (εa, εb)

dεb
=
∫

dΩb
d2σ‘ŒŠ�a,b(r) (ka,kb)

dεbdΩb
=

=
π

k2a

∑
J,la,s

2J + 1
(2sa + 1)(2IA + 1)

×

× T̃ Jlas(εa)
∑
lb,s′

T̃ Jlbs′(εb)/
∑
b,lb,s′

∫
dεbT̃

J
lbs′

(εb), (57)
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£¤¥ µ¡µ¡Ð¥´´Ò¥ ±µÔËË¨Í¨¥´ÉÒ ¶·µ´¨Í ¥³µ¸É¨

T̃ Jlas(εa) = T
J(‘ŒŠ�)
las

(εa)D(r), T̃ Jlbs′(εb) = T
J(‘ŒŠ�)
lbs′

(εb)D(r), (58)

D(r) Å Ë ±Éµ· µ¡¥¤´¥´¨Ö (¸³. (53)), µ¶·¥¤¥²ÖÕÐ¨° ¢¥·µÖÉ´µ¸ÉÓ ¶¥·¥Ìµ¤ 
(1 → r). ”µ·³Ê²  (57) ¸µ¢¶ ¤ ¥É ¸ Ëµ·³Ê²µ° • Ê§¥· Ä”¥Ï¡ Ì  (¸³. (1))
¸ ÉµÎ´µ¸ÉÓÕ ¤µ § ³¥´Ò ±µÔËË¨Í¨¥´Éµ¢ ¶·µ´¨Í ¥³µ¸É¨ µ¶É¨Î¥¸±µ° ³µ¤¥²¨
T Jls → T̃ Jls. ˆ§ ¸É·Ê±ÉÊ·Ò ¢Ò· ¦¥´¨Ö (51) ¢¨¤´µ, ÎÉµ Ê£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö
¨¸¶ÊÐ¥´´ÒÌ Î ¸É¨Í ¸¨³³¥É·¨Î´Ò µÉ´µ¸¨É¥²Ó´µ Ê£²  90◦.

�´¥·£¥É¨Î¥¸±¨¥ · ¸¶·¥¤¥²¥´¨Ö ¨¸¶ÊÐ¥´´ÒÌ Î ¸É¨Í µ¶·¥¤¥²ÖÕÉ¸Ö ¢Ò· -
¦¥´¨¥³ (‘ŒŠ�-Ô³¨¸¸¨Ö):

dσ‘ŒŠ�a,b (εa, εb)
dεb

= (2sa + 1)−1(2IA + 1)−1 ×

×
∑

J,la,lb,s,s′

(2J + 1)
dσ‘ŒŠ�a,b (εa, la, s; εb, lb, s′; J)

dεb
. (59)

’ ±¨³ µ¡· §µ³, Ëµ·³ ²¨§³ ‘ŒŠ� ¶µ§¢µ²Ö¥É ´  ¥¤¨´µ° µ¸´µ¢¥ µ¶¨¸Ò¢ ÉÓ
³´µ£µ¸ÉÊ¶¥´Î ÉÒ¥ ¶·µÍ¥¸¸Ò µ¡· §µ¢ ´¨Ö ¸µ¸É ¢´µ£µ Ö¤·  ¨ ¶·µÍ¥¸¸Ò, ¶·µ-
É¥± ÕÐ¨¥ Î¥·¥§ ¸É ¤¨Õ ¸µ¸É ¢´µ£µ Ö¤· . ‘É·Ê±ÉÊ·  ¸µµÉ´µÏ¥´¨Ö (52) Ö¢´µ
´ ¶µ³¨´ ¥É Ëµ·³Ê Ë¥´µ³¥´µ²µ£¨Î¥¸±µ° Ô±¸¨Éµ´´µ° ³µ¤¥²¨ ¶·¨ ÊÎ¥É¥ ¶¥·¥-
Ìµ¤µ¢ (∆n = +1) (¸³. (5)).

‚ ¶·¥¤¶µ²µ¦¥´¨¨ ¤¢ÊÌÎ ¸É¨Î´µ£µ Ì · ±É¥·  ¢§ ¨³µ¤¥°¸É¢¨Ö (v) Γ↓
n, Γ

↑
n,ν ,

T
J(‘ŒŠ�)
las

(εa) ¨ T
J(‘ŒŠ�)
lbs′

(εb) µ¶·¥¤¥²ÖÕÉ¸Ö ¸µµÉ´µÏ¥´¨Ö³¨

Γ↓
n(Ea, J) = 2π〈|V (n,Ea, J)|2〉�(b)+n (Ea), (60)

Γ↑
n,ν(Ea, εb, lb, s

′, J) = 2π〈|V (n, ν, Ea, εb, s
′, J)|2〉�(b)f(∆n)n (UB), (61)

T
J(‘ŒŠ�)
las

(εa) = (2π)2〈|V (1, Ea, la, s, J)|2〉�(b)+1 (Ea), (62)

T
J(‘ŒŠ�)
lbs′

(εb) = (2π)2〈|V (r0, r + 1, Ea, lb, s′, J)|2〉�(b)f+r (UB), (63)

£¤¥ �(b)+n (Ea) Å ¶²µÉ´µ¸ÉÓ ¸µ¸ÉµÖ´¨° ¸µ¸É ¢´µ° ¸¨¸É¥³Ò ¸ Ô´¥·£¨¥° ¢µ§¡Ê¦-

¤¥´¨Ö Ea, ¤µ¸ÉÊ¶´ÒÌ ¶·¨ ¶¥·¥Ìµ¤¥ (∆n = +1); �(b)f(∆n)n (UB) Å ¶²µÉ´µ¸ÉÓ
¸µ¸ÉµÖ´¨° ±µ´¥Î´µ£µ Ö¤·  ¸ Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö UB , ¤µ¸ÉÊ¶´ÒÌ ¶·¨ ¶¥·¥-
Ìµ¤¥ ¢ ¢ÒÌµ¤´µ° ± ´ ² (∆n = 0,±1). ‚ (60)Ä(63) cµµÉ¢¥É¸É¢ÊÕÐ¨¥ ±¢ ¤· ÉÒ
³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ µ¸É ÉµÎ´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö, Ê¸·¥¤´¥´´Ò¥ ¶µ ´ Î ²Ó-
´Ò³ ¸¶¨´µ¢Ò³ ±µ´Ë¨£Ê· Í¨Ö³ (n-¸É ¤¨Ö) ¨ ¶·µ¸Ê³³¨·µ¢ ´´Ò¥ ¶µ ±µ´¥Î´Ò³
¸¶¨´µ¢Ò³ ¸µ¸ÉµÖ´¨Ö³ (ν = n, n ± 1) ¸µ ¸¶¨´µ¢Ò³¨ ËÊ´±Í¨Ö³¨ · ¸¶·¥¤¥²¥-
´¨Ö N -Ô±¸¨Éµ´´ÒÌ ¸µ¸ÉµÖ´¨° {RN (J)}, ¶·¥¤¸É ¢²ÖÕÉ¸Ö ¢ ¢¨¤¥ ¶·µ¨§¢¥¤¥´¨Ö
〈I2({j})X({j})〉, ({j} Å ´ ¡µ·Ò ±¢ ´Éµ¢ÒÌ Î¨¸¥²), £¤¥ X({j}) Å ¸¶¨´µ-
¢ Ö Î ¸ÉÓ ±¢ ¤· É  ³ É·¨Î´µ£µ Ô²¥³¥´Éa, µ¶·¥¤¥²Ö¥³ Ö ¢¨¤µ³ ¤¢ÊÌÎ ¸É¨Î´µ£µ
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ÔËË¥±É¨¢´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö v; I({j}) Å · ¤¨ ²Ó´Ò° ¨´É¥£· ² ¶¥·¥±·Ò-
É¨Ö [27].

‚ Ëµ·³ ²¨§³¥ ‘ŒŠ� ¶²µÉ´µ¸É¨ Î ¸É¨Î´µ-¤Ò·µÎ´ÒÌ ¸¢Ö§ ´´ÒÌ (±¢ §¨-

¸¢Ö§ ´´ÒÌ) ¸µ¸ÉµÖ´¨° �(b)(pn, hn, Ea), �
(b)+
n (Ea) ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¶²µÉ-

´µ¸É¨ ¤µ¸ÉÊ¶´ÒÌ ±¢ §¨¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨° �(b)f(∆n)n (UB) (·¥ ±Í¨Ö (N,N ′))
¢ Ô±¢¨¤¨¸É ´É´µ³ ¶·¨¡²¨¦¥´¨¨ ¢ÒÎ¨¸²ÖÕÉ¸Ö ¶µ Ëµ·³Ê² ³, ¶·¨¢¥¤¥´´Ò³ ¢
· ¡µÉ Ì [28Ä30].

�·¨ ¶·¨¡²¨¦¥´´µ³ ÊÎ¥É¥ ÔËË¥±É  ¸¶ ·¨¢ ´¨Ö [31]

�(b)(pn, hn, Ea) → �(b)(pn, hn, Ea −∆(N,Z)), (64)

£¤¥ ∆(N,Z) = x
√
12/A; x = {0, ´.´; 1, ´; 2, Î.Î.}. �·¨ ÊÎ¥É¥ µ¡µ²µÎ¥Î´ÒÌ

ÔËË¥±Éµ¢ [31]

g → g(Ea) = g

[
1 +

δW (Z,A)
Ea

(1− exp (−0, 05Ea))
]
, (65)

£¤¥ g = A/13 ŒÔ‚−1 Å ¸·¥¤´ÖÖ ¶²µÉ´µ¸ÉÓ µ¤´µÎ ¸É¨Î´ÒÌ ¸µ¸ÉµÖ´¨°;
δW (Z,A) = Mexp(Z,A) − M¦±(Z,A); Mexp(Z,A) Å Ô±¸¶¥·¨³¥´É ²Ó´ Ö
³ ¸¸  Ö¤·  (Z,A); M¦±(Z,A) Å ³ ¸¸  Ö¤·  (Z,A) ¢ ³µ¤¥²¨ ¦¨¤±µ° ± ¶²¨.
sµ²¥¥ ¶µ¤·µ¡´µ ph-¶²µÉ´µ¸É¨ ¢ Ô±¢¨¤¨¸É ´É´µ³ ¶·¨¡²¨¦¥´¨¨ ¨ ¨Ì ³µ¤¨Ë¨-
± Í¨¨ · ¸¸³µÉ·¥´Ò ¢ [32].

5.2. Š¢ ´Éµ¢ Ö É¥µ·¨Ö ¸É É¨¸É¨Î¥¸±¨Ì ³´µ£µ¸ÉÊ¶¥´Î ÉÒÌ ¶·Ö³ÒÌ ¶·µ-
Í¥¸¸µ¢ (‘Œ��). TŒ��ba -³ É·¨Í  ·¥ ±Í¨¨ A(a, b)B(a �= b) ¢ k-¶·¥¤¸É ¢²¥´¨¨
µ¶·¥¤¥²Ö¥É¸Ö ¸µµÉ´µÏ¥´¨¥³ [27]:

TŒ��ba = T 1��
ba +

∑
n≥2

T n��ba , (66)

£¤¥ T 1��
ba Å ¢±² ¤ µ¤´µ¸ÉÊ¶¥´Î Éµ£µ ¶·Ö³µ£µ ¶·µÍ¥¸¸  (1��):

T 1��
ba = 〈χ(−)

b (kb)|〈f |v|0〉|χ(+)
a (ka)〉. (67)

�·¨ ¢Ò¶µ²´¥´¨¨ Ê¸²µ¢¨° (44) ¨ (45) ¤²Ö T n��ba (n ≥ 2) ¶µ²ÊÎ¨³

T n��ba = 〈χ(−)
b (kb)|〈f |vG(u)

n vG
(u)
n−1...vG

(u)
1 v|0〉|χ(+)

a (ka)〉, (68)

£¤¥ G(u)
n Å ËÊ´±Í¨Ö ƒ·¨´  �‘ n-£µ ¶µ·Ö¤±  ¢ Pn (n-Ö ¸É ¤¨Ö):

G(u)
n (Ea) = P̂n[E(+)

a − P̂nHoptP̂n − Vn,n+1G
(u)
n+1Vn,n+1]P̂n, (69)

Vn,m = P̂nvP̂m, ¶·¨Î¥³ Vn,m = 0, ¥¸²¨ |n−m| ≥ 2.
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‚¢¥¤¥³ ¸µ¡¸É¢¥´´Ò¥ ËÊ´±Í¨¨ ´¥¶·¥·Ò¢´µ£µ ¸¶¥±É·  |pn,hn,γn〉|χ(±)
N (kn)〉

ÔËË¥±É¨¢´µ£µ £ ³¨²ÓÉµ´¨ ´  H(u)
n,n = [P̂nHoptP̂n + Vn,n+1G

(u)
n+1Vn+1,n]:

H(u)
n,n|pn, hn, γn〉|χ

(±)
N (kn)〉 = [En + Uγn ]|pn, hn, γn〉|χ

(±)
N (kn)〉. (70)

‚µ²´µ¢ Ö ËÊ´±Í¨Ö |pn, hn, γn〉|χ(±)
N (kn)〉 ¢ P̂n ¢ k-¶·¥¤¸É ¢²¥´¨¨ ¥¸ÉÓ ¶·µ¨§-

¢¥¤¥´¨¥ ¢µ²´µ¢µ° ËÊ´±Í¨¨ µ¸É ÉµÎ´µ£µ Ö¤·  ¢ ¸µ¸ÉµÖ´¨¨ γn ¸ Ô´¥·£¨¥° Uγn

¨ ¨¸± ¦¥´´µ° ¢µ²´µ¢µ° ËÊ´±Í¨¨ ´Ê±²µ´  ¢ ±µ´É¨´ÊÊ³¥ c ¢µ²´µ¢Ò³ ¢¥±Éµ·µ³

kn ¨ Ô´¥·£¨¥° εn =
�2k2n
2m

(¥¸²¨ µ£·a´¨Î¨ÉÓ¸Ö µ¤´¨³ ´Ê±²µ´µ³ ¢ ±µ´É¨´ÊÊ³¥);

En = εn +BN .
‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ (69) ¤²Ö ËÊ´±Í¨¨ ƒ·¨´  G(u)

n ¨³¥¥³

G(u)
n (Ea) =

∑
γn

∫
dkn
(2π)3

|p,hn, γn〉|χ(+)
N (kn)〉〈χ̃(+)

N (kn)| ×

× 〈pn, hn, γn|/(Ea − En − Uγn + iδ). (71)

ˆ¸¶µ²Ó§ÊÖ ËÊ´¤ ³¥´É ²Ó´µ¥ ¸É É¨¸É¨Î¥¸±µ¥ ¶·¥¤¶µ²µ¦¥´¨¥, ÎÉµ ³ É·¨Î´Ò¥
Ô²¥³¥´ÉÒ V ¶·¨ ¶¥·¥Ìµ¤ Ì n → n + 1 ¢ ´¥¶·¥·Ò¢´µ³ ¸¶¥±É·¥ ¸²ÊÎ °´Ò
¶µ §´ ±Ê ¨ ¢¥²¨Î¨´¥ (V Å ¸²ÊÎ °´ Ö ³ É·¨Í  (¸É É¨¸É¨±  ²¨¤¨·ÊÕÐ¥° Î -
¸É¨ÍÒ)), ¶·¨ ¢Ò¢µ¤¥ ¢Ò· ¦¥´¨Ö ¤²Ö ¤¢ ¦¤Ò ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ Œ��-¸¥-
Î¥´¨Ö ¸¤¥² ¥³ ¸²¥¤ÊÕÐ¨¥ ¶·¨¡²¨¦¥´¨Ö.

�·¨¡²¨¦¥´¨¥ 1. �·¥´¥¡·¥£ ¥É¸Ö £² ¢´Ò³ §´ Î¥´¨¥³ ËÊ´±Í¨¨ ƒ·¨´ 

G
(u)
n (Ea) (¸³. (71)) → G

(u)
n (Ea) ´  ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨ (¸µÌ· ´¥´¨¥ Ô´¥·-

£¨¨ ¶·¨ ¶¥·¥Ìµ¤ Ì (n → n+ 1))

G(u)
n (Ea) − iπ

∑
γn

∫
dkn
(2π)3

|pn, hn, γn〉 ×

× |χ(+)
N (kn)〉〈χ̃(+)

N (kn)|〈pn, hn, γn|δ(Ea − En − Uγn).

�·¨¡²¨¦¥´¨¥ 2. ˆ´É¥£· ²Ò ¶µ Ê£² ³ ¢ÒÎ¨¸²ÖÕÉ¸Ö ¶·¨ Ê¸²µ¢¨¨∫
dΩndΩ′

n →
∫

dΩndΩ′
nδ(Ωn − Ω′

n).

�·¨¡²¨¦¥´¨¥ 3. sÒ¸É· Ö (²¨¤¨·ÊÕÐ Ö) ¶·µ³¥¦ÊÉµÎ´ Ö Î ¸É¨Í  (´Ê±²µ´)
¢ ±µ´É¨´ÊÊ³¥ ¢§ ¨³µ¤¥°¸É¢Ê¥É ¸µ ¸¢Ö§ ´´Ò³ ´Ê±²µ´µ³ Ö¤·  ¸ ·µ¦¤¥´¨¥³
1p1h-¶ ·Ò (¶¥·¥Ìµ¤ n − 1 → n), ¶·¨ ÔÉµ³ ¶²µÉ´µ¸ÉÓ ¤µ¸ÉÊ¶´ÒÌ ±¢ §¨¸¢Ö-
§ ´´ÒÌ ¸µ¸ÉµÖ´¨° µ¸É ÉµÎ´µ£µ Ö¤·  (n-Ö ¸É ¤¨Ö) ¶·¨´¨³ ¥É¸Ö · ¢´µ°

�(b)f (n, n, Un)�(b)(1, 1, En−1 − En).



Š‚�
’�‚�Ÿ ’…��ˆŸ ‘’�’ˆ‘’ˆ—…‘Šˆ• Œ
�ƒ�‘’“�…
—�’›• 803

�·¨¡²¨¦¥´¨¥ 4. ‡ ³¥´  ¢ (71):

〈χ̃(+)
N (kn)| → 〈χ(−)

N (kn)|.

‚ · ³± Ì ÔÉ¨Ì ¶·¨¡²¨¦¥´¨° ¶·¨ Ê¸·¥¤´¥´¨¨ ¶µ ¡µ²ÓÏµ³Ê Î¨¸²Ê ¸µ¸ÉµÖ´¨°
±µ´¥Î´µ£µ Ö¤·  |f〉 ¢ ¨´É¥·¢ ²¥ ∆E (¸³. · §¤. 4 ¨ (51)) ¤²Ö Ô´¥·£¥É¨Î¥¸±¨
Ê¸·¥¤´¥´´µ£µ nC��-¸¥Î¥´¨Ö (n ≥ 2) ¶µ²ÊÎ¨³ ±µ³¶ ±É´µ¥ ¢Ò· ¦¥´¨¥ (·¥-
±Ê··¥´É´µ¥ ¸µµÉ´µÏ¥´¨¥)

d2σn‘��a,b (ka,kb)
dεbdΩb

=
m

4π2�2

∫
dΩn−1

∫
dεn−1εn−1 ×

×
d2σ1‘��N,b (kn−1,kb)

dεbdΩb

d2σ
(n−1)‘��
a,N (ka,kn−1)
dεn−1dΩn−1

, (72)

¶·¨ ÔÉµ³ 1‘��-¸¥Î¥´¨¥ (s�ˆ‚)

d2σ1‘��a,b (ka,kb)
dεbdΩb

=
2π�(εb,Ωb)

�va
�(b)(1, 1, Ea − Eb)〈|〈χ(−)

b (kb)| ×

× 〈1, 1, γ1, Uγ1 = Ea − Eb|v|0〉|χ(+)
a (ka)〉|2〉, (73)

¶µ²´µ¥ ‘Œ��-¸¥Î¥´¨¥

d2σ‘Œ��a,b (ka,kb)
dεbdΩb

=
∑
n≥1

d2σn‘��a,b (ka,kb)
dεbdΩb

. (74)

”µ·³Ê²  (72) ¤²Ö 2‘��-¸¥Î¥´¨Ö (¨, ¸µµÉ¢¥É¸É¢¥´´µ, ¤²Ö n‘��, n ≥ 3) ¶·µÐ¥
(¢ ¶² ´¥ ¢ÒÎ¨¸²¥´¨°), Î¥³ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ Ëµ·³Ê²Ò ¢ ’Œ�� (¸³. · §¤. 4),
ÎÉµ ¨ µ¡Ê¸²µ¢¨²µ Ï¨·µ±µ¥ ¨¸¶µ²Ó§µ¢ ´¨¥ Ëµ·³ ²¨§³  ”ŠŠ ¤²Ö  ´ ²¨§  ³´µ-
£µ¸ÉÊ¶¥´Î ÉÒÌ Ö¤¥·´ÒÌ ·¥ ±Í¨°.

‚ · ³± Ì ¸É É¨¸É¨±¨ ²¨¤¨·ÊÕÐ¥° Î ¸É¨ÍÒ (¶·¨¡². 1, 2, 3) ¨§ (68) ¤²Ö
2‘�� ¶µ²ÊÎ¨³ ¢Ò· ¦¥´¨¥ [33]

d2σ2C��a,b (ka,kb)
dεbdΩb

=
2m5kb

(2π)8�10ka
2π2
∫

dΩ1dε1ε1�
(b)(1, 1, Ea − Eb)×

× �(b)(1, 1, Ea − E1)〈|〈χ(−)
b (kb)|〈1, 1, γ′1, Uγ′1 = E1 − Eb|v|0〉|χ(+)

N (k1)〉|2〉 ×

× 〈|〈χ̃(+)
N (k1)|〈1, 1, γ1, Uγ1 = Ea − E1|v|0〉|χ(+)

a (ka)〉|2〉. (75)

ˆ§ (75) ¢¨¤´µ, ÎÉµ 2‘��-¸¥Î¥´¨¥ (¢ µ¡Ð¥³ ¸²ÊÎ ¥ n‘��-¸¥Î¥´¨¥) µ¶·¥¤¥²Ö-
¥É¸Ö Î¥·¥§ ´µ·³ ²Ó´Ò¥ s�ˆ‚-³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¢¨¤a

〈χ(−)|〈1p1h|v|0〉|χ(+)〉
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¨ ´¥´µ·³ ²Ó´Ò¥ s�ˆ‚-³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¢¨¤a

〈χ̃(+)|〈1p1h|v|0〉|χ(+)〉,

£¤¥ |χ(±)〉, |χ̃(±)〉 Å ¨¸± ¦¥´´Ò¥ ¢µ²´Ò ¢ µ¶É¨Î¥¸±µ³ ¶µÉ¥´Í¨ ²¥ (¸³. (20)).
�·¨ ÔÉµ³ 〈χ̃(+)(ε,Ω)| =

∫
dΩ′S−1(ε,Ω; ε,Ω′)〈χ(−)(ε,Ω′)|, £¤¥ S(ε,Ω; ε,Ω′) =

〈χ(−)(ε,Ω′)|χ(+)(ε,Ω)〉 Å ³ É·¨Í  Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö (¶·µ³¥¦ÊÉµÎ´Ò° ± -
´ ²). �·¨¡²¨¦¥´¨¥ 4 (〈χ̃(+)|  〈χ(−)|) ¢Ò¶µ²´Ö¥É¸Ö, ¥¸²¨ S−1(ε,Ω; ε,Ω′) 
δ(Ω′ → Ω) (¶·¨ �Vopt = 0), µ¤´a±o, ¥¸²¨ �Vopt �= 0, Éµ ¢µ§³µ¦´µ S−1 > 1,
ÎÉµ ¶·¨¢µ¤¨É ± Ê¢¥²¨Î¥´¨Õ n‘��-c¥Î¥´¨Ö (n ≥ 2) ¶·¨ § ³¥´¥ ´µ·³ ²Ó´µ£µ
s�ˆ‚-³ É·¨Î´µ£µ Ô²¥³¥´É  ´¥´µ·³ ²Ó´Ò³.

‚ [34] ¶·µ¢¥¤¥´µ ¸· ¢´¥´¨¥ · ¸Î¥Éµ¢ 2‘��-¸¥Î¥´¨Ö ·¥ ±Í¨¨ 208Pb(p, p′)
¶·¨ εp = 62 ŒÔ‚, ¢Ò¶µ²´¥´´ÒÌ ¢ ’Œ�� (¸³. · §¤. 4) ¨ ”ŠŠ (‘Œ��),
ÎÉµ ¶·¨¢µ¤¨É ± ¢Ò¢µ¤Ê µ Éµ³, ÎÉµ n‘��-¸¥Î¥´¨¥ (”ŠŠ)  2n−1 n‘��-¸¥-
Î¥´¨¥ (’Œ��). �·µ¢¥¤¥´´Ò°  ´ ²¨§ ¸¥Î¥´¨° (p, n), (n, n′) ¨ (p, p′) ¢ ”ŠŠ
(‘Œ��) [35Ä40] ¶µ± § ² Ìµ·µÏ¥¥ ¸µ£² ¸¨¥ ³¥¦¤Ê É¥µ·¨¥° ¨ Ô±¸¶¥·¨³¥´-
É ²Ó´Ò³¨ ¤ ´´Ò³¨. ‚ · ³± Ì ¸É É¨¸É¨±¨ ²¨¤¨·ÊÕÐe° Î ¸É¨ÍÒ [33] n‘��-¸¥-
Î¥´¨¥ µ¶·¥¤¥²Ö¥É¸Ö Î¥·¥§ ´¥´µ·³ ²Ó´Ò¥ s�ˆ‚-³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ
(¸³. (75)) ¢ µÉ²¨Î¨e µÉ n‘��-¸¥Î¥´¨Ö (”ŠŠ) (¸³. (72)). ‚ [41] ¶·¨¢¥-
¤¥´Ò  ·£Ê³¥´ÉÒ, ÎÉµ ¤µ¶µ²´¨É¥²Ó´µ¥ Ô´¥·£¥É¨Î¥¸±µ¥ Ê¸·¥¤´¥´¨¥ ¢ µ¤´µÎ -
¸É¨Î´µ³ ± ´ ²¥ ¶·¨¢µ¤¨É ± ·µÉ Í¨¨ ¶µ²Õ¸µ¢ S-³ É·¨ÍÒ, ÎÉµ ¢e¤eÉ ± § ³¥´¥
〈χ̃(+)(ε,Ω)| ´  Ô´¥·£¥É¨Î¥¸±¨ Ê¸·¥¤´¥´´ÊÕ ¨¸± ¦¥´´ÊÕ ¢µ²´Ê 〈χ̄(−)(ε,Ω)| ¨,
¸²¥¤µ¢ É¥²Ó´µ, ± n‘��-¸¥Î¥´¨Õ ¸ ´µ·³ ²Ó´Ò³¨ s�ˆ‚-³ É·¨Î´Ò³¨ Ô²¥³¥´-
É ³¨. �¤´a±µ ÔÉµÉ ¢Ò¢µ¤ ¶·µÉ¨¢µ·¥Î¨É ÊÉ¢¥·¦¤¥´¨Ö³ ¢ [33, 34], ÎÉµ É·¥¡Ê¥É
¤ ²Ó´¥°Ï¥£µ ¨¸¸²¥¤µ¢ ´¨Ö.

6. Œ�„ˆ”ˆŠ�–ˆˆ ˆ ��‡‚ˆ’ˆ… ”��Œ�‹ˆ‡Œ� ”ŠŠ

Œµ¤¨Ë¨± Í¨Ö ¨ · §¢¨É¨¥ Ëµ·³ ²¨§³  ”ŠŠ [27] ¸µ¸Éµ¨É ¢ ¶µ²´µ³ ¨
±µ··¥±É´µ³ ÊÎ¥É¥ ¢¸¥Ì ÔËË¥±Éµ¢, ±µÉµ·Ò¥ ´¥ · ¸¸³ É·¨¢ ²¨¸Ó ¨ ±µÉµ·Ò¥
´¥µ¡Ìµ¤¨³µ ¢±²ÕÎ¨ÉÓ ¢ É¥µ·¨Õ ¤²Ö ¡µ²¥¥ ÉµÎ´µ£µ ±µ²¨Î¥¸É¢¥´´µ£µ µ¶¨¸ ´¨Ö
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ (·¥ ±Í¨¨ (N, xN ′), N,N ′ = p, n) ¤²Ö Ï¨·µ±o°
µ¡² ¸É¨ Ô´¥·£¨° ¨ ¤¨ ¶ §µ´a Ö¤¥·:

1) ¢µ§³µ¦´Ò¥ ¶¥·¥Ìµ¤Ò ³¥¦¤Ê CŒ�� ¨ ‘ŒŠ�: ‘Œ��→ ‘ŒŠ�;
2) ÔËË¥±ÉÒ ±µ²²¥±É¨¢´ÒÌ ¢µ§¡Ê¦¤¥´¨° (Ëµ´µ´µ¢) ¢ ‘Œ��;
3) ³´µ¦¥¸É¢¥´´ Ö Ô³¨¸¸¨Ö ´Ê±²µ´µ¢ ¢ ‘ŒŠ�;
4) ³´µ¦¥¸É¢¥´´ Ö Ô³¨c¸¨Ö ´Ê±²µ´µ¢ ¢ ‘Œ��;
5) ÔËË¥±É · §²¨Î¨³µ¸É¨ n ¨ p ¢ ‘ŒŠ� ¨ ‘Œ�� (¤¢ÊÌ±µ³¶µ´¥´É´Ò°

Ëµ·³ ²¨§³ ‘ŒŠ� ¨ ‘Œ�� ¸ · §¤¥²¥´¨¥³ ´  p ≡ π ¨ n ≡ ν).
�·¨ ÔÉµ³ ¢¸¥ · ¸Î¥ÉÒ ‘ŒŠ� ¨ ‘Œ�� ¢Ò¶µ²´ÖÕÉ¸Ö ¤²Ö ÔËË¥±É¨¢´µ£µ

¤¢ÊÌÎ ¸É¨Î´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö v ¢ Ëµ·³¥ ¶µÉ¥´Í¨ ²  }± ¢Ò; ¨¸± ¦¥´´Ò¥
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¢µ²´Ò χ
(±)
N (N = p, n) · ¸¸Î¨ÉÒ¢ ÕÉ¸Ö ¢ ¶µÉ¥´Í¨ ²¥ µ¶É¨Î¥¸±µ° ³µ¤¥²¨

(V (p)
opt , V

(n)
opt ) ¨ ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ µ¤´µÎ ¸É¨Î´ÒÌ ¸¢Ö§ ´´ÒÌ (±¢ §¨¸¢Ö§ ´´ÒÌ)

cµ¸ÉµÖ´¨° Å ¢ ¶µÉ¥´Í¨ ²¥ ‚Ê¤¸ Ä‘ ±¸µ´ .

¥µ¡Ìµ¤¨³µ · ¸Ï¨·¨ÉÓ Ëµ·³ ²¨§³ ”ŠŠ ´  ·¥ ±Í¨¨, £¤¥ ¶·µÖ¢²ÖÕÉ ¸¥¡Ö

±µ²²¥±É¨¢´Ò¥ ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò (Ëµ´µ´Ò: ´¨§±µ²¥¦ Ð¨¥ ±µ²²¥±É¨¢´Ò¥ ¢µ§-
¡Ê¦¤¥´¨Ö (
Š‘) ¨ ³Ê²ÓÉ¨¶µ²Ó´Ò¥ £¨£ ´É¸±¨¥ ·¥§µ´ ´¸Ò (Œƒ�)). ‚ · ³± Ì
³¨±·µ¸±µ¶¨Î¥¸±µ£µ ¶µ¤Ìµ¤  ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¶·Ö³µ£µ ¢µ§¡Ê¦¤¥´¨Ö Ëµ-
´µ´  ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨ λ c Ô´¥·£¨¥° ωλ 〈(j′λ)j|Heff|j〉 ³µ£ÊÉ ¡ÒÉÓ ¶ · ³¥-
É·¨§µ¢ ´Ò É ±¨³ ¦¥ ¸µµÉ´µÏ¥´¨¥³, ± ± ¨ ¢ ±µ²²¥±É¨¢´o° ³µ¤¥²¨ Ö¤· ,  
¨³¥´´µ

〈j′λ|Heff|j〉 = [(2j + 1)(2λ+ 1)]−1/2βλ〈j||Tλ||j′〉, (76)

£¤¥ Tλm = R
∂U

∂r
Yλm; βλ Å ¶ · ³¥É· ¤¥Ëµ·³ Í¨¨ ¤²Ö ±µ²²¥±É¨¢´µ£µ ¢µ§-

¡Ê¦¤¥´¨Ö (Ëµ´µ´ λ); j Å ´ ¡µ· ±¢ ´Éµ¢ÒÌ Î¨¸¥² µ¤´µÎ ¸É¨Î´µ£µ ¸µ¸Éµ-
Ö´¨Ö; R Å · ¤¨Ê¸ Ö¤· . � · ³¥É·Ò βλ, ωλ ¨§¢²¥± ÕÉ¸Ö ¨§ Ô±¸¶¥·¨³¥´-
É ²Ó´ÒÌ ¤ ´´ÒÌ µ ¸É·Ê±ÉÊ·¥ 
Š‘ ¨ Œƒ�, ²¨¡µ ¨§ ¤ ´´ÒÌ É¥µ·¥É¨Î¥¸±¨Ì
· ¸Î¥Éµ¢ ¢ · ³± Ì ³¨±·µ¸±µ¶¨Î¥¸±µ£µ ¶µ¤Ìµ¤ . �·¨ ÊÎ¥É¥ ¢µ§¡Ê¦¤¥´¨Ö Ëµ-
´µ´µ¢ (∆NË = +1) ±µ²²¥±É¨¢´µ¥ 1‘�� (coll)-¸¥Î¥´¨¥ (73) § ¶¨¸Ò¢ ¥É¸Ö ¢
¢¨¤¥ [24]:

d2σcolla,b (ka,kb)
dεbdΩb

=
2π�(εb,Ωb)

�va

∑
λ

β2λ

[
dσs�ˆ‚a,b

dΩb

]
λ

fλ[ωλ,Γ], (77)

£¤¥ fλ[ωλ,Γ] Å ËÊ´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö ¢ ²µ·¥´Í¥¢c±µ° Ëµ·³¥;[
dσs�ˆ‚a,b

dΩb

]
λ

=
∑
m

〈|〈χ(−)
b (kb)|R(∂U/∂r)Yλm|χ(+)

a (ka)〉|2〉. (78)

”µ·³Ê²  (73) ¶·¨ ÊÎ¥É¥ ¶¥·¥¤ ¢ ¥³µ£µ Ê£²µ¢µ£µ ³µ³¥´É  L (·µ¦¤¥´¨¥ 1p1h-
¶ ·Ò ¸µ ¸¶¨´µ³ L(∆N = +2) ¨³¥¥É ¢¨¤

d2σ1‘��a,b (ka,kb)
dεbdΩb

=
2π�(εb,Ωb)

�va
×

×
∑
L

�(b)(1, 1, U1 = Ea − Eb)(2L+ 1)R2(L)

[
dσs�ˆ‚a,b

dΩb

]
L

, (79)

£¤¥ R2(L) Å ¸¶¨´µ¢ Ö ËÊ´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö ¤²Ö 1p1h-¸µ¸ÉµÖ´¨Ö [27].
1‘��-¸¥Î¥´¨Ö (77) ¨ (79) ¢ÒÎ¨¸²ÖÕÉ¸Ö ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ DWUCK4 [25],

¶·¨ ÔÉµ³ 1‘��-¸¥Î¥´¨¥ (78) Ê¸·¥¤´Ö¥É¸Ö ¶µ 1p1h-¸µ¸ÉµÖ´¨Ö³, µ¶·¥¤¥²Ö¥³Ò³
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¢ µ¡µ²µÎ¥Î´µ° ³µ¤¥²¨. „¨ËË¥·¥´Í¨ ²Ó´µ¥ ‘ŒŠ�-¸¥Î¥´¨¥ (¡¥§ ÊÎ¥É  ¶¥·¥-
Ìµ¤µ¢ ‘Œ��→ ‘ŒŠ� (P → Q)) ¢Ò· ¦ ¥É¸Ö Ëµ·³Ê²µ° (52).

�·¨ ÊÎ¥É¥ ¶¥·¥Ìµ¤µ¢ P → Q ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ‘ŒŠ�-¸¥Î¥´¨¥ ¨³¥¥É
¢¨¤ [42]:

dσ‘ŒŠ�a,b (εa, εb)
dεb

=
π

k2a

∑
k

Rk
∑
J,la,s

(2J + 1)
(2IA + 1)(2sa + 1)

T Jlas(εa)×

×
r∑

n=k

n+1∑
ν=n−1

∑
lbs′

D(n)
Γ↑
n,ν(Ea, εb, lb, s′, J)

Γn(Ea, J)
, (80a)

£¤¥ T Jlas(εa) Å ±µÔËË¨Í¨¥´É ¶·µ´¨Í ¥³µ¸É¨, · ¸¸Î¨É ´´Ò° ¢ µ¶É¨Î¥¸±µ°
³µ¤¥²¨ (¸³. (2), (3)), ¶·¨Î¥³ ¶µ²´µ¥ ‘ŒŠ�-¸¥Î¥´¨¥

σ‘ŒŠ�a (εa) = Rσ�Œa (εa) =
π

k2a

∑
la,s,J

(2J + 1)
(2IA + 1)(2sa + 1)

RT Jlas(εa), (80¡)

¶ · ³¥É·

R =
[σ�Œa (εa)− σ‘Œ��a (εa)]

σ�Œa (εa)
, (80¢)

£¤¥ σ‘Œ��a (εa) Å ¶µ²´µ¥ ‘Œ��-¸¥Î¥´¨¥ (¢µ§¡Ê¦¤¥´¨¥ 1p1h-¸µ¸ÉµÖ´¨° ¨ Ëµ-
´µ´µ¢). � · ³¥É·Ò {Rk} ¢ (80 ) µ¶·¥¤¥²ÖÕÉ¸Ö ·¥±Ê··¥´É´Ò³ ¸µµÉ´µÏ¥´¨¥³

Rk = (R−R1 −R2 − ...−Rk−1)
�(b)(pk, hk, Ea)
�(pk, hk, Ea)

, R0 = 1, (81)

£¤¥ �(b)(pk, hk, Ea) ¨ �(pk, hk, Ea) ¢ÒÎ¨¸²ÖÕÉ¸Ö ¶µ Ëµ·³Ê² ³, ¶·¨¢¥¤¥´´Ò³
¢ [28Ä30]. ‘µµÉ´µÏ¥´¨¥ (81) ¸µµÉ¢¥É¸É¢Ê¥É ¸Ì¥³¥ ¶¥·¥Ìµ¤µ¢ P → Q

Pa

1-R↗

R↘

P1 → P2 → P3 → ...

Q1 → Q2 → Q3 → ...

↘ ↘

‚ Ëµ·³ ²¨§³¥ ‘Œ�� (”ŠŠ) [27] ÊÎ¨ÉÒ¢ ¥É¸Ö Ô³¨¸¸¨Ö Éµ²Ó±µ µ¤´µ£µ
´Ê±²µ´  (‘Œ��↑). � ¸¸³µÉ·¨³ ³¥Ì ´¨§³ Ô³¨¸¸¨¨ ¤¢ÊÌ ´Ê±²µ´µ¢ ´  n-°
¸É ¤¨¨ ‘Œ�� (‘Œ��↑↑), ¶·¨ ÔÉµ³ ¶·¥¤¶µ² £ ¥É¸Ö, ÎÉµ Ô³¨¸¸¨Ö ¢Éµ·µ£µ
´Ê±²µ´  b ¸ Ô´¥·£¨¥° εb ¢µ§³µ¦´  ¶·¨ Eb > Bb ¨§ |pn, hn, Un〉-¸µ¸ÉµÖ´¨Ö
µ¸É ÉµÎ´µ£µ Ö¤·  (n-Ö ¸É ¤¨Ö). ‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¤ ´´µ° ¸Ì¥³µ° ‘Œ��↑↑
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¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ‘Œ��-¸¥Î¥´¨¥ ¸ Ô³¨¸¸¨¥° ¤¢ÊÌ ´Ê±²µ´µ¢ µ¶·¥¤¥²Ö¥É¸Ö
¶·¨¡²¨¦¥´´Ò³ ¸µµÉ´µÏ¥´¨¥³ [43]

dσ‘Œ��
↑↑

a,b (εa, εb)
dεb

=
∑
n≥1

∑
b′

Ea−Bb′∫
0

dεb′
dσn‘��a,b′ (εa, εb′)

dεb′
×

×
[
�(1, 0, εb + Bb)

pn

�(pn − 1, hn, Ea − Eb′ − Eb)
�(pn, hn, Ea)

]
Rb

′b
n Pb(εb), (82)

£¤¥ Pb(εb) Å ¶·µ´¨Í ¥³µ¸ÉÓ ¤²Ö ´Ê±²µ´  É¨¶  b; ¢Ò· ¦¥´¨¥ ¢ ±¢ ¤· É´ÒÌ
¸±µ¡± Ì Å ¢¥·µÖÉ´µ¸ÉÓ ´ °É¨ ´Ê±²µ´ É¨¶  b ¸ Ô´¥·£¨¥° Eb > Bb ´  n-°
¸É ¤¨¨ ¢ ¸µ¸ÉµÖ´¨¨ |pn, hn, Un = Ea −Eb′〉 µ¸É ÉµÎ´µ£µ Ö¤·  (¶µ¸²¥ Ô³¨¸¸¨¨
´  n-° ¸É ¤¨¨ ´Ê±²µ´  É¨¶  b′ ¸ Ô´¥·£¨¥° εb′ ); Rb

′b
n Å ¢¥·µÖÉ´µ¸ÉÓ ´ °É¨ ´Ê-

±²µ´ É¨¶  b ´  n-° ¸É ¤¨¨ ‘Œ�� ¶µ¸²¥ Ô³¨¸¸¨¨ ´Ê±²µ´  É¨¶  b′ [44]. sµ²¥¥
±µ··¥±É´Ò°  ´ ²¨§ Å · ¸Î¥É ¶·µÍ¥¸¸  ¶·Ö³µ£µ ¢Ò¡¨¢ ´¨Ö ¤¢ÊÌ ´Ê±²µ´µ¢ ¢
Œˆ‚, ÎÉµ §´ Î¨É¥²Ó´µ Ê¸²µ¦´Ö¥É ¢ÒÎ¨¸²¥´¨Ö ‘Œ��↑↑.

6.1. �·¨³¥´¥´¨¥ ³µ¤¨Ë¨Í¨·µ¢ ´´µ£µ Ëµ·³ ²¨§³  ”ŠŠ ± µ¶¨¸ ´¨Õ
Ô±¸¶¥·¨³¥´Éµ¢. ‘Ì¥³   ´ ²¨§  ¢ ³µ¤¨Ë¨Í¨·µ¢ ´´µ³ µ¤´µ±µ³¶µ´¥´É´µ³ Ëµ·-
³ ²¨§³¥ ”ŠŠ ((51)Ä(63), (72)Ä(80)) ¢±²ÕÎ ¥É: ¶ · ³¥É·¨§ Í¨¨ µ¶É¨Î¥¸±¨Ì ¨
µ¡µ²µÎ¥Î´µ£µ ¶µÉ¥´Í¨ ²µ¢; ¢ÒÎ¨¸²¥´¨¥ ±µÔËË¨Í¨¥´Éµ¢ ¶·µÌµ¦¤¥´¨Ö;
s�ˆ‚-¢ÒÎ¨¸²¥´¨Ö ¤²Ö ‘Œ�� (¶·µ£· ³³Ò DWUCK 4, 5); ÊÎ¥É ±µ²²¥±É¨¢´ÒÌ
¢µ§¡Ê¦¤¥´¨° (Ëµ´µ´µ¢) ¢ ‘Œ��; ÊÎ¥É P→Q-¶¥·¥Ìµ¤µ¢; · ¸Î¥ÉÒ ‘Œ��- ¨
‘ŒŠ�-¸¥Î¥´¨° ¸ ÊÎ¥Éµ³ ³´µ¦¥¸É¢¥´´µ° Ô³¨¸¸¨¨.

�·¨³¥· 1. �¥ ±Í¨Ö (n, xn′) ´  Ö¤· Ì 90Zr ¨ 208Pb ¶·¨ εn = 14,1 ŒÔ‚ [46].

� · ³¥É·Ò: g = A/13 −1; εF = 40 ŒÔ‚; ¶µ¤£µ´µÎ´Ò° ¶ · ³¥É· v0 =
28 ŒÔ‚ (¶µÉ¥´Í¨ ² }± ¢Ò); ¶ · ³¥É·Ò ‚Ê¤¸ Ä‘ ±¸µ´ : r0 = 1, 2 Ë³, a =
0, 6 Ë³; ¶ · ³¥É·Ò µ¶É¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  [45]; Ë ±Éµ·Ò R: 0,29, ¨ 0,23
¤²Ö 90Zr ¨ 208Pb ¸µµÉ¢¥É¸É¢¥´´µ; ¶ · ³¥É·Ò βλ ¤²Ö 
Š‘ ¨ Œƒ� ¢§ÖÉÒ ¨§
 ´ ²¨§  ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¤ ´´ÒÌ: λπ = 2+ ÷ 5− c ωλ ≤ 7, 215 MÔ‚, LEOR
c ωLEOR = 7, 8 MÔ‚ ¤²Ö 90Zr; λπ = 2+ ÷ 10+ c ωλ ≤ 7, 382 MÔ‚, LEOR c
ωLEOR = 7, 114 MÔ‚ ¤²Ö 208Pb; Ï¨·¨´  · ¸¶·¥¤¥²¥´¨Ö ‹µ·¥´Í : Γ  1 MÔ‚
¤²Ö 
Š‘; Γ = 5 MÔ‚ ¤²Ö LEOR. �·¨³¥·Ò · ¸Î¥Éµ¢ ¢ [46] ¶·¨¢¥¤¥´Ò ´ 
·¨¸. 5, a, ¡.

�·¨³¥· 2. �¥ ±Í¨¨ 90Zr(p, xn) ¨ 90Zr(p, xp′) ¶·¨ εp = 80 ¨ 160 ŒÔ‚ [43].
� ¸Î¥ÉÒ ‘Œ��-¸¥Î¥´¨° ¸ ÊÎ¥Éµ³ Ô³¨¸¸¨¨ ¤¢ÊÌ ´Ê±²µ´µ¢ (¸³. (82)). �µ¤-

£µ´µÎ´Ò¥ ¶ · ³¥É·Ò:

v0(MÔ‚) =

{
11, 30 ¨ 6, 52 (p, xn) ¶·¨ εp = 80 ¨ 160 MÔ‚,
15, 00 ¨ 8, 69 (p, xp′) ¶·¨ εp = 80 ¨ 160 ŒÔ‚.
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�¨¸. 5. ‘¶¥±É· Ô³¨¸¸¨¨ ¨§ ·¥ ±Í¨¨ 90Zr(n, xn′) (a) ¨ 208Pb(n, xn) (¡) ¶·¨ εn =
14, 1 ŒÔ‚. Š·¨¢ Ö MSD Å ¢±² ¤ ‘Œ��; ±·¨¢ Ö MSC Å ¢±² ¤ ‘ŒŠ� ¡¥§ ¸É ¤¨¨ r;
±·¨¢ Ö CN+CN2 Å · ¢´µ¢¥¸´ Ö Ô³¨¸¸¨Ö (¸É ¤¨Ö r): µ¤¨´µÎ´µ¥ ¨¸¶Ê¸± ´¨¥ ´¥°É·µ´ 
(CN), ¨¸¶Ê¸± ´¨¥ ¤¢ÊÌ ´¥°É·µ´µ¢ (CN2); ±·¨¢Ò¥ ¸ ¨´¤¥±¸ ³¨ 2+, 3−, 4+, 5+, 6+,
≥ 7; LEOR Å ¢±² ¤Ò 1‘�� (coll) ¤²Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ±µ²²¥±É¨¢´ÒÌ ¢µ§¡Ê¦¤¥´¨°
(Ëµ´µ´µ¢ λπ); ¸¶²µÏ´ Ö ²¨´¨Ö Å ¶µ²´µ¥ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ dσn,xn′/dεn′ ;
ÉµÎ±¨ Å Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ [47]

“£²µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥ ¢Ò²¥É ÕÐ¥£µ ´Ê±²µ´  (¢ ¸²ÊÎ ¥ Ô³¨¸¸¨¨ ¤¢ÊÌ ´Ê±²µ-
´µ¢) · ¸¸Î¨ÉÒ¢ ¥É¸Ö ¢ ¶·¨¡²¨¦¥´¨¨, ÎÉµ µ´µ É ±µ¥ ¦¥, ± ± ¢ ¸²ÊÎ ¥ µ¤¨´µÎ-
´µ£µ ¨¸¶Ê¸± ´¨Ö ´Ê±²µ´ . �·¨³¥·Ò · ¸Î¥Éµ¢ ¢ [43] ¶·¨¢¥¤¥´Ò ´  ·¨¸. 6, 7.

�·¨³¥· 3. �¥ ±Í¨¨ 90Zr(n, xn′) ¶·¨ εn = 14, 1 ¨ 18 ŒÔ‚; 90Zr(p, xn)
¶·¨ εp = 25, 45 ¨ 80 ŒÔ‚; 90Zr(p, xp′) ¶·¨ εp = 80 ŒÔ‚; 56Fe(p, xn) ¶·¨
εp = 113 ŒÔ‚; 208Pb(p, xn) ¶·¨ εp = 113 ŒÔ‚ [49].

‚ µÉ²¨Î¨e µÉ ¶·¨¢¥¤¥´´ÒÌ ¢ÒÏ¥ ¶·¨³¥·µ¢ (µ¤´µ±µ³¶µ´¥´É´Ò° Ëµ·³ -
²¨§³ ”ŠŠ) ¢ [49] ¶·¥¤²µ¦¥´ ¤¢ÊÌ±µ³¶µ´¥´É´Ò° Ëµ·³ ²¨§³ ‘Œ�� (”ŠŠ)
¸ · §¤¥²¥´¨¥³ ´  ¶·µÉµ´Ò (π) ¨ ´¥°É·µ´Ò (ν). ‚ ¤¢ÊÌ±µ³¶µ´¥´É´µ³ Ëµ·-
³ ²¨§³¥ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ £· Ë¨±¨ (¸³. ·¨¸. 1, 2) ¤²Ö ·¥ ±Í¨° (p, p′) ¨ (p, n)
¨§µ¡· ¦¥´Ò ´  ·¨¸. 8. �´ ²µ£¨Î´Ò¥ £· Ë¨±¨ ´¥É·Ê¤´µ ¨§µ¡· §¨ÉÓ ¤²Ö n‘��
(n ≥ 3). — ¸É¨Î´µ-¤Ò·µÎ´Ò¥ ¢µ§¡Ê¦¤¥´¨Ö µ¶¨¸Ò¢ ÕÉ¸Ö ±µ´Ë¨£Ê· Í¨¥°
(pπ, hπ, pν , hν), £¤¥ pπ(hπ) Å Î¨¸²µ ¶·µÉµ´´ÒÌ Î ¸É¨Í (π) (¤Ò·µ± (π̄)),
pν(hν) Å Î¨¸²µ ´¥°É·µ´´ÒÌ Î ¸É¨Í (ν) (¤Ò·µ± (ν̄)). �ËË¥±É¨¢´µ¥
NN -¢§ ¨³µ¤¥°¸É¢¨¥ v = {vππ; vπν(= vνπ); vνν} Å ¶µÉ¥´Í¨ ² }± ¢Ò;
{v0πν , v0ππ, v0νν} Å ¶µ¤£µ´µÎ´Ò¥ ¶ · ³¥É·Ò.

1‘��-¸¥Î¥´¨¥ · ¸¸Î¨ÉÒ¢ ¥É¸Ö ¶µ Ëµ·³Ê²¥ (73) ¨ n‘��-¸¥Î¥´¨¥
(n ≥ 2) · ¸¸Î¨ÉÒ¢ ¥É¸Ö ¶µ ·¥±Ê·p¥´É´µ° Ëµ·³Ê²¥ (72) ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸
£· Ë¨± ³¨ (¸³. ·¨¸. 8). ”Ê´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö 1p1h-¸µ¸ÉµÖ´¨°
�̃(pπ, hπ, pν , hν , β1, I, U1) µ¶·¥¤¥²Ö¥É¸Ö Ëµ·³Ê²µ° (34), £¤¥ Eβ1 ¢ÒÎ¨¸²ÖÕÉ¸Ö
¢ ¸Ë¥·¨Î¥¸±µ° ³µ¤¥²¨ 
¨²Ó¸cµ´  [50, 51] (¤²Ö ´¥°É·µ´µ¢ ¨ ¶·µÉµ´µ¢). ‚
s�ˆ‚-¢ÒÎ¨¸²¥´¨ÖÌ ÊÎ¨ÉÒ¢ ÕÉ¸Ö Éµ²Ó±µ ¨´¤¨¢¨¤Ê ²Ó´Ò¥ 1p1h-¸µ¸ÉµÖ´¨Ö,
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�¨¸. 6. ‘¶¥±É·Ò Ô³¨¸¸¨¨ ¨§ ·¥ ±Í¨¨ 90Zr(p, xn) ¶·¨ εp = 160 ŒÔ‚: ÏÉ·¨Ìµ¢ Ö ±·¨-
¢ Ö Å ¨¸¶Ê¸± ´¨¥ µ¤´µ£µ ´¥°É·µ´ ; ÏÉ·¨Ì¶Ê´±É¨·´ Ö Å ¨¸¶Ê¸± ´¨¥ ¤¢ÊÌ ´Ê±²µ´µ¢
(nn+ np); ¸¶²µÏ´ Ö Å ¶µ²´µ¥ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ‘Œ��-¸¥Î¥´¨¥; ÉµÎ±¨ Å Ô±¸¶¥-
·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ [38]. –¨Ë·Ò Ê± §Ò¢ ÕÉ ´µ³¥·  ¸É ¤¨° ‘Œ�� (a); ÉµÎ¥Î´ Ö
±·¨¢ Ö Å Ô³¨¸¸¨Ö ¨§ · ¢´µ¢¥¸´µ° ¸É ¤¨¨ (r) (· ¸Î¥ÉÒ ¶µ Ëµ·³Ê²¥ • Ê§¥· Ä”¥Ï¡ Ì 
¸ ÊÎ¥Éµ³ ³´µ¦¥¸É¢¥´´µ£µ ¢ÒÌµ¤  ´Ê±²µ´µ¢) ¨ ¸¶²µÏ´ Ö Å ‘Œ��+ �� (¡)

�¨¸. 7. ‘¶¥±É·Ò Ô³¨¸¸¨¨ ¨§ ·¥ ±Í¨¨ 90Zr(p, xn) ¶·¨ εp = 80 ŒÔ‚ (a) ¨ 90Zr(p, xp′)
¶·¨ εp = 160 ŒÔ‚ (¡). �¡µ§´ Î¥´¨Ö É¥ ¦¥, ÎÉµ ´  ·¨¸. 6; ÉµÎ±¨ Å Ô±¸¶¥·¨³¥´É ²Ó´Ò¥
¤ ´´Ò¥ [39] (a) ¨ [48] (¡)

Ê¤µ¢²¥É¢µ·ÖÕÐ¨¥ Ê¸²µ¢¨Õ ¸µÌ· ´¥´¨Ö ¶µ²´µ£µ Ê£²µ¢µ£µ ³µ³¥´É : |jh− jp| ≤
I ≤ jh + jp, £¤¥ I Å ¶¥·¥¤ ¢ ¥³Ò° Ê£²µ¢µ° ³µ³¥´É (É. ±. 0+ Å µ¸´µ¢´µ¥
¸µ¸ÉµÖ´¨¥ Ö¤· -³¨Ï¥´¨).

‘ŒŠ�-¸¥Î¥´¨Ö · ¸¸Î¨ÉÒ¢ ÕÉ¸Ö ¢ ³µ¤¨Ë¨Í¨·µ¢ ´´µ³ Ëµ·³ ²¨§³¥ ”ŠŠ
¸ ÊÎ¥Éµ³ P → Q-¶¥·¥Ìµ¤µ¢, ‘Œ��↑↑-¸¥Î¥´¨Ö Å ¶µ Ëµ·³Ê²¥ (82). ‘· ¢´¥´¨¥
· ¸Î¥Éµ¢ ¢ ³µ¤¨Ë¨Í¨·µ¢ ´´µ³ Ëµ·³ ²¨§³¥ ”ŠŠ [49] ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
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�¨¸. 8. — ¸É¨Î´µ-¤Ò·µÎ´Ò¥ (1p1h)-¢µ§¡Ê¦¤¥´¨Ö ¢ ¤¢ÊÌ±µ³¶µ´¥´É´µ³ Ëµ·³ ²¨§³¥
‘Œ��:  ) 1‘�� (p, p′) ¨ (p, n); ¡) 2‘�� (p, p′) ¨ (p, n)

¤ ´´Ò³¨ ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨° 10÷ 200 ŒÔ‚ [52Ä55] ¶µ§¢µ²Ö¥É ¢Ò¤¥²¨ÉÓ É·¨
µ¡² ¸É¨, ±µ£¤  Ô´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· ¢Ò²¥É ÕÐ¨Ì Î ¸É¨Í Ëµ·³¨·Ê¥É¸Ö ´ 
µ¸´µ¢¥ ¤¥°¸É¢¨Ö · §²¨Î´ÒÌ ³¥Ì ´¨§³µ¢ ·¥ ±Í¨¨.

�¥·¢ Ö µ¡² ¸ÉÓ (εa ≤ 30 ŒÔ‚) Å µ¸´µ¢´Ò¥ ¢±² ¤Ò: 1‘��, 1‘��(coll),
‘ŒŠ� (¨¸±²ÕÎ Ö ¸É ¤¨Õ r), �� (· ¢´µ¢¥¸´ Ö Ô³¨¸¸¨Ö Å ¸É ¤¨Ö r).

‚Éµ· Ö µ¡² ¸ÉÓ (30<εa≤60ŒÔ‚) Å µ¸´µ¢´µ° ¢±² ¤ 1‘��, §´ Î¨É¥²Ó´Ò¥
¢±² ¤Ò 2‘�� ¨ 3‘��, ¢±² ¤ ‘ŒŠ� ·¥§±µ Ê³¥´ÓÏ ¥É¸Ö ¶·¨ εa>30 ŒÔ‚.

’·¥ÉÓÖ µ¡² ¸ÉÓ (εa > 60 ŒÔ‚) Å µ¸´µ¢´Ò¥ ¢±² ¤Ò: n‘��, n = 1 ÷ 4;
· ¸É¥É ¢±² ¤ ‘Œ�� ↑↑ (Ô³¨¸¸¨Ö ¤¢ÊÌ ´Ê±²µ´µ¢). �·¨³¥·Ò · ¸Î¥Éµ¢ ¢ [49]
¶·¨¢¥¤¥´Ò ´  ·¨¸. 9, 10.
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�¨¸. 9. ‘¶¥±É·Ò Ô³¨¸¸¨¨ ¶·¨ εn = 14, 1 ŒÔ‚ ¨§ ·¥ ±Í¨¨ 90Zr(n, xn′) (a), ¶·¨
Θn′ = 30◦ (¡) Θn′ = 60◦ (¢). ˜É·¨Ìµ¢ Ö (¸ ¤²¨´´Ò³ ÏÉ·¨Ìµ³) ±·¨¢ Ö Å ¢±² ¤
1‘�� (coll); ÉµÎ¥Î´ Ö Å ¢±² ¤ ‘Œ�� (MSD); ÏÉ·¨Ì¶Ê´±É¨·´ Ö Å ¢±² ¤ ‘ŒŠ�
(MSC), ¨¸±²ÕÎ Ö ¸É ¤¨Õ r; Éµ´± Ö ÏÉ·¨Ìµ¢ Ö Å ¢±² ¤ �� (Ô³¨¸¸¨Ö µ¤´µ£µ ´Ê±²µ´ );
¦¨·´ Ö ÏÉ·¨Ìµ¢ Ö Å ¢±² ¤ ��2 (Ô³¨¸¸¨Ö ¤¢ÊÌ ´Ê±²µ´µ¢); ¸¶²µÏ´ Ö Å ¶µ²´µ¥ ¤¨Ë-
Ë¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥; ÉµÎ±¨ Å Ô±¸¶¥·¨³¥´É [52]

�·¨³¥· 4. �¥ ±Í¨Ö (p, 3He) ´  Ö¤· Ì 59Co ¨ 197Au ¶·¨ εp = 120ŒÔ‚ [56].
Œ¥Ì ´¨§³ ·¥ ±Í¨¨ Å ¤¥°É·µ´´Ò° ¶µ¤Ì¢ É (¸³. · §¤. 4, ·¨¸. 3, 4 ¨

Ë-²Ê (32 )). 1‘��-¸¥Î¥´¨¥ ·¥ ±Í¨¨ A(p, b)B, b = 3He ¢ s�ˆ‚ µ¶·¥¤¥²Ö-
¥É¸Ö ¢Ò· ¦¥´¨¥³

d2σs�ˆ‚p,b (kp,kb)
dεbdΩb

=
∑

β1,L,S,I

(2I + 1)
∆E

SBAβ1LSI

dσDWUCKp,b (kp,kb, β1, LSI)
dΩb

,

£¤¥ ¶·µ¢µ¤¨É¸Ö ¸Ê³³¨·µ¢ ´¨¥
∑

β1,L,S,I
¶µ ¢¸¥³ ¸µ¸ÉµÖ´¨Ö³ ±µ´¥Î´µ£µ Ö¤· 

{|0, 2, β1, LSI, Uβ1〉} ¸ Ô´¥·£¨Ö³¨ Uβ1 = Ep − E3He ≡ U1 ¨ ±¢ ´Éµ¢Ò³¨ Î¨-
¸² ³¨ (β1, L, S, I), · ¸¸Î¨É ´´Ò³¨ ¢ ³µ¤¥²¨ µ¡µ²µÎ¥±, ¢ ¨´É¥·¢ ²¥
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�¨¸. 10. �´¥·£¥É¨Î¥¸±µ¥ · ¸¶·¥¤¥²¥´¨¥ ´¥°É·µ´µ¢ ¨§ ·¥ ±Í¨¨ 90Zr(p, xn) ¶·¨ εp =
25 ŒÔ‚ (a) ¨ εp = 45 ŒÔ‚ (¡). ’µÎ±¨ Å ¤ ´´Ò¥ Ô±¸¶¥·¨³¥´Éµ¢ [53] (a) ¨ [54] (¡).
�¡µ§´ Î¥´¨Ö É¥ ¦¥, ÎÉµ ´  ·¨¸. 9

(U1−∆E/2, U1+∆E/2); SBAβ1LSI
Å ¸¶¥±É·µ¸±µ¶¨Î¥¸±¨° Ë ±Éµ·. „¨ËË¥·¥´-

Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥
dσs�ˆ‚p,b

dΩb
· ¸¸Î¨ÉÒ¢ ¥É¸Ö ¢ ±² ¸É¥·´µ³ ¶·¨¡²¨¦¥´¨¨ (Ö¤·µ-

³¨Ï¥´Ó A = ±µ· + d-±² ¸É¥· ¢ ¸¢Ö§ ´´µ³ ¸µ¸ÉµÖ´¨¨ ¢ ³µ¤¥²¨ µ¡o²µÎ¥± ¸
±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨ (β1, LSI), ¤²Ö ÔËË¥±É¨¢´µ£µ p−d-¢§ ¨³µ¤¥°¸É¢¨Ö (vpd)
¨¸¶µ²Ó§Ê¥É¸Ö ¶·¨¡²¨¦¥´¨¥ ´Ê²¥¢µ£µ · ¤¨Ê¸ ). � ¸Î¥ÉÒ ¢ s�ˆ‚ ¢Ò¶µ²´ÖÕÉ¸Ö
¶µ ¶·µ£· ³³¥ DWUCK4 [25]. � · ³¥É·Ò µ¶É¨Î¥¸±¨Ì ¶µÉ¥´Í¨ ²µ¢ ¤²Ö ¶·µ-
Éµ´  [45] ¨ 3He [57], ¶ · ³¥É·Ò µ¡µ²oÎ¥Î´µ£µ ¶µÉ¥´Í¨ ²  ‚Ê¤¸ Ä‘ ±¸µ´ 
r0 = 1, 15 Ë³ ¨ a = 0, 76 Ë³ [58]. ‚ · ¸Î¥É Ì [56] ÊÎÉ¥´Ò ³´µ£µ¸ÉÊ¶¥´Î -
ÉÒ¥ ¶·Ö³Ò¥ ¶·µÍ¥¸¸Ò 2‘��: (p, p′)(p′, 3He) ¨ 3‘��: (p, p′)(p′, p′′)(p′′, 3He),
¶·¨ ÔÉµ³ n‘��-¸¥Î¥´¨Ö (n = 2, 3) ·¥ ±Í¨¨ (p, 3He) · ¸¸Î¨ÉÒ¢ ÕÉ¸Ö ¢ Ëµ·-
³ ²¨§³¥ ”ŠŠ ¶µ ·¥±Ê·p¥´É´o° Ëµ·³Ê²¥ (72). �·¨³¥·Ò · ¸Î¥Éµ¢ ¢ [56]
¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 11.

�·¨³¥· 5. �¥ ±Í¨Ö 59Co(p, α) ¶·¨ εp = 120 ¨ 160 ŒÔ‚ [59].
�¸´µ¢´µ° ³¥Ì ´¨§³ ·¥ ±Í¨¨ (p, α)Å ¶·Ö³µ¥ ¢Ò¡¨¢ ´¨¥ α-±² ¸É¥·  ¶ ¤ -

ÕÐ¨³ ¶·µÉµ´µ³ (±² ¸É¥·´µ¥ ¶·¨¡²¨¦¥´¨¥: Ö¤·µ-³¨Ï¥´Ó A = ±op+α-±² ¸É¥·
¢ ¸¢Ö§ ´´µ³ ¸µ¸ÉµÖ´¨¨ ¢ ³µ¤¥²¨ µ¡µ²µÎ¥±). �³¶²¨ÉÊ¤  ¶·Ö³µ£µ ¢Ò¡¨¢ ´¨Ö
α-±² ¸É¥·  (α-Î ¸É¨ÍÒ) ¢ ·¥ ±Í¨¨ (p, α) µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

Tpα = 〈χ(−)
α (kα)|〈ϕ(b)

p |vpα|ϕ(b)
α 〉|χ(+)

p (kp)〉,

£¤¥ ϕ
(b)
p ¨ ϕ

(b)
α Å ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ ¶·µÉµ´  ¨ α-Î ¸É¨ÍÒ ¢ ¸¢Ö§ ´´ÒÌ

¸µ¸ÉµÖ´¨ÖÌ; vpα Å ÔËË¥±É¨¢´µ¥ p − α-¢§ ¨³µ¤¥°¸É¢¨¥. s�ˆ‚-¸¥Î¥´¨¥ ·¥-
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�¨¸. 11. „¢ ¦¤Ò ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ¤²Ö ·¥ ±Í¨¨ 59Co(p, 3He) ¶·¨ εp =
120 ŒÔ‚ ¨ ε3He = 30 (a), 45 (¡), 60 (¢), 75 (£), 90 (¤) ¨ 105 ŒÔ‚ (e). ˜É·¨Ìµ¢ Ö
²¨´¨Ö Å 1‘��; ÏÉ·¨Ì¶Ê´±É¨·´ Ö Å 2‘��; ÉµÎ¥Î´ Ö Å 3‘��; ¸¶²µÏ´ Ö Å ‘Œ��;
ÉµÎ±¨ Å Ô±¸¶¥·¨³¥´É [56]

 ±Í¨¨ A(p, α)B

dσs�ˆ‚p,α (kp,kα)
dΩα

=
∑

β1,γ1,L,I

(2I + 1)
∆E

SBAβ1γ1LI

dσDWUCK
p,α (kp,kα, β1, γ1, L, I)

dΩb
,



814 †ˆ‚��ˆ‘–…‚ ”.�., •“��‹‘“• C.

£¤¥ β1 ≡ nplpjp Å ´ ¡µ· ±¢ ´Éµ¢ÒÌ Î¨¸¥² ¸¢Ö§ ´´µ£µ ¶·µÉµ´  ¢ Œ� ¢ ±µ´¥Î-
´µ³ Ö¤·¥; {γ1 ≡ niliji}4 Å ´ ¡µ· ±¢ ´Éµ¢ÒÌ Î¨¸¥² Î¥ÉÒ·¥Ì ¸¢Ö§ ´´ÒÌ ´Ê±²µ-
´µ¢ ¢ Œ�, µ¡· §ÊÕÐ¨Ì α-±² ¸É¥· ¸ (L, I); SBAβ1γ1LI

Å ¸¶¥±É·µ¸±µ¶¨Î¥¸±¨°
Ë ±Éµ·, ¸Ê³³¨·µ¢ ´¨¥

∑
β1,γ1,L,I

¶µ ¢¸¥³ ¸µ¸ÉµÖ´¨Ö³ {|1, 4, β1, γ1L, I, Uβ1γ1〉} ¢

Œ� ¢´ÊÉ·¨ ¨´É¥·¢ ² 

(
U1 −

∆E
2

, U1 +
∆E
2

)
, U1 = Ep−Eα;

dσDWUCK
p,α

∂Ωb
· ¸-

¸Î¨ÉÒ¢ ¥É¸Ö ¶µ ¶·µ£· ³³¥ DWUCK4 [25]. � ¸Î¥É´Ò° Ëµ·³ ²¨§³ d
dσs�ˆ‚p,α

dΩα
(¢ · ³± Ì ±¢ ´Éµ¢µ° É¥µ·¨¨ ‘Œ�� (”ŠŠ)) ¨§²µ¦¥´ ¢ [60, 61]. ‚ · ¸Î¥-
É Ì [59] ÊÎÉ¥´Ò ³´µ£µ¸ÉÊ¶¥´Î ÉÒ¥ ¶·Ö³Ò¥ ¶·µÍ¥¸¸Ò 2‘��: (p, p′)(p′, α) ¨
(p, n)(n, α); 3‘��: (p,N)(N,N ′)(N ′, α), N,N ′ = n, p. ‚¥²¨Î¨´Ò n‘��-
¸¥Î¥´¨° (n = 1, 2, 3) µ¶·¥¤¥²ÖÕÉ¸Ö ¶ · ³¥É·¨§ Í¨¥° ÔËË¥±É¨¢´µ£µ Nα-¢§ ¨-
³µ¤¥°¸É¢¨Ö (vNα) ¨ ¶ · ³¥É·¨§ Í¨¥° ÔËË¥±É¨¢´µ£µ NN -¢§ ¨³µ¤¥°¸É¢¨Ö (v),
¶·¨ ÔÉµ³ n‘��-¸¥Î¥´¨Ö Ê³´µ¦ ÕÉ¸Ö ´  Ë ±Éµ· Φα Å ¢¥·µÖÉ´µ¸ÉÓ ¸ÊÐ¥¸É¢µ-
¢ ´¨Ö α-Î ¸É¨ÍÒ ¢ Ö¤·¥ (Ê¦¥ ¸Ëµ·³¨·µ¢ ´´Ò¥ α-±² ¸É¥·Ò). ’µ£¤  ¢ ± Î¥¸É¢¥
±µ´Ë¨£Ê· Í¨¨ ±µ´¥Î´µ£µ Ö¤·  ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ±µ´Ë¨£Ê· Í¨¨ ¸ ´Ê±²µ´-
´µ° Î ¸É¨Í¥° (1p) ¨ α-¤Ò·±µ° (1̄α). ‚ ± Î¥¸É¢¥ ¶²µÉ´µ¸É¨ α-Ô±¸¨Éµ´´ÒÌ
¸µ¸ÉµÖ´¨° ¢¢µ¤ÖÉ ¢¥²¨Î¨´Ê gα = g/4. ‚ · ³± Ì É ±µ£µ ¶µ¤Ìµ¤  ¢ n‘��-¸¥-
Î¥´¨¥ ·¥ ±Í¨¨ (p, α) ¢Ìµ¤¨É ¶µ¤£µ´µÎ´Ò° (´µ·³¨·µ¢oÎ´Ò°) ¶ · ³¥É·, ±µÉµ-
·Ò° ¢±²ÕÎ ¥É ´¥¨§¢¥¸É´Ò¥ ¶ · ³¥É· v0Nα ¨ Ë ±Éµ· Φα. ‚ · ¸Î¥É Ì ¶µ²ÊÎ¥´µ:
¶ · ³¥É·¨§ Í¨Ö ÔËË¥±É¨¢´µ£µ NN -¢§ ¨³µ¤¥°¸É¢¨Ö [43]; ÔËË¥±É¨¢´µ¥ vNα-
¢§ ¨³µ¤¥°¸É¢¨¥ ¢ ¶·¨¡²¨¦¥´¨¨ ´Ê²¥¢µ£µ · ¤¨Ê¸  ¸ ¶µ¤£µ´µÎ´Ò³ ¶ · ³¥É·µ³
( ³¶²¨ÉÊ¤µ°) v0Nα; ¶ · ³¥É·¨§ Í¨Ö µ¶É¨Î¥¸±µ£µ ´Ê±²µ´´µ£µ ¶µÉ¥´Í¨ ²  [45],
¶ · ³¥É·¨§ Í¨Ö µ¶É¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  ¤²Ö α-Î ¸É¨ÍÒ [62]. �·¨³¥·Ò · ¸-
Î¥Éµ¢ ¢ [59] ¶·¨¢¥¤¥´Ò ´  ·¨¸. 12.

�·¨¢¥¤¥´´Ò¥ ¢ÒÏ¥ ¶·¨³¥·Ò  ´ ²¨§  ¨´±²Õ§¨¢´ÒÌ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¢
³µ¤¨Ë¨Í¨·µ¢ ´´µ³ Ëµ·³ ²¨§³¥ ”ŠŠ ¤¥³µ´¸É·¨·ÊÕÉ ¤µ¸É ÉoÎ´µ Ìµ·µÏ¥¥
µ¶¨¸ ´¨¥ Ô´¥·£¥É¨Î¥¸±¨Ì ¸¶¥±É·µ¢ ¨ Ê£²µ¢ÒÌ · ¸¶·¥¤¥²¥´¨° (µ¸µ¡¥´´µ ¤²Ö
·¥ ±Í¨° (N, xN ′), N,N ′ = p, n ¢ ¤¢ÊÌ±µ³¶µ´¥´É´µ³ Ëµ·³ ²¨§³¥ ‘Œ��
(”ŠŠ)). �µ¸²¥¤µ¢ É¥²Ó´ Ö ±¢ ´Éµ¢µÖ É¥µ·¨Ö P→Q-¶¥·¥Ìµ¤µ¢, ³´µ¦¥¸É¢¥´-
´µ° Ô³¨¸¸¨¨ ¢ ‘Œ�� ¨ ‘ŒŠ� Å § ¤ Î  ¡Ê¤ÊÐ¥£µ · §¢¨É¨Ö ”ŠŠ, ¶·¨ ÔÉµ³
´¥µ¡Ìµ¤¨³µ ³µ¤¨Ë¨Í¨·µ¢ ÉÓ ³¥Éµ¤ ¢ÒÎ¨¸²¥´¨Ö ·¥ ²¨¸É¨Î¥¸±¨Ì ¶²µÉ´µ¸É¥°,
¢±²ÕÎ Ö ´¥¸¢Ö§ ´´Ò¥ Î ¸É¨Î´µ-¤Ò·µÎ´Ò¥ ¸µ¸ÉµÖ´¨Ö (¸ µ¤´µ° ¨ ¡µ²¥¥ Î ¸É¨-
Í ³¨ ¢ ´¥¶·¥·Ò¢´µ³ ¸¶¥±É·¥). �´ ²¨§ ·¥ ±Í¨° ¸ ÊÎ ¸É¨¥³ ¸µ¸É ¢´ÒÌ Î ¸É¨Í
(d, t, 3He, α) ¢ ”ŠŠ, ¶µ ¸ÊÐ¥¸É¢Ê, ÊÎ¨ÉÒ¢ ¥É ²¨ÏÓ ¢±² ¤ ¢ ¸¥Î¥´¨Ö ¶µ¢¥·Ì-
´µ¸É´µ° (±² ¸É¥·´µ°) µ¡² ¸É¨ Ö¤· , µ¤´ ±µ ¢ ¦´µ µÍ¥´¨ÉÓ ¢±² ¤ µ¡µ²µÎ¥Î-
´µ° (¢´ÊÉ·¥´´¥°) µ¡² ¸É¨ Ö¤· . � ¸¸Î¨ÉÒ¢ ¥³Ò¥ ¸¥Î¥´¨Ö ¢ ”ŠŠ (¢ Œˆ‚)
ÎÊ¢¸É¢¨É¥²Ó´Ò ± ¢Ò¡µ·Ê ¶ · ³¥É·µ¢ µ¶É¨Î¥¸±¨Ì ¶µÉ¥´Í¨ ²µ¢ ¶ ¤ ÕÐ¥° ¨
¢Ò²¥É ÕÐ¥° Î ¸É¨Í, ± ¢Ò¡µ·Ê ¶ ·Í¨ ²Ó´ÒÌ ph-¸µ¸ÉµÖ´¨° (¶·¨ Ê¸·¥¤´¥´¨¨
s�ˆ‚-¢ÒÎ¨¸²¥´¨°). ”µ·³ ²¨§³ ”ŠŠ, ¶µ ¸ÊÐ¥¸É¢Ê, Ö¢²Ö¥É¸Ö µ¡µ¡Ð¥´¨¥³
É· ¤¨Í¨µ´´ÒÌ · ¸Î¥Éµ¢ ¶µ ³¥Éµ¤Ê ¸¢Ö§ ´´ÒÌ ± ´ ²µ¢ ¢ · ³± Ì µ¡µ²µÎ¥Î-
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�¨¸. 12. “£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¤²Ö ·¥ ±Í¨¨ 59Co(p, α) ¶·¨ εp = 120 ŒÔ‚ ¨ εα =
30 (a), 50 (¡), 80 (¢) ¨ 100 ŒÔ‚ (£). ‘¶²µÏ´ Ö ±·¨¢ Ö Å 1‘�� (p, α); ÉµÎ¥Î´ Ö Å
2‘�� (p, p′)(p′, α); ÏÉ·¨Ì¶Ê´±É¨·´ Ö Å 3‘��; ¸¶²µÏ´ Ö Å ‘Œ�� Å ¸Ê³³ ·´µ¥
¸¥Î¥´¨¥; ÉµÎ±¨ Å Ô±¸¶¥·¨³¥´É [59]

´µ° ³µ¤¥²¨ ¸ ÊÎ¥Éµ³ ´¥¶·¥·Ò¢´µ£µ ¸¶¥±É·  ´  ¸²ÊÎ °, ±µ£¤  ¢¥²¨±µ Î¨¸²µ
µÉ±·ÒÉÒÌ ± ´ ²µ¢ ¨ ¶·µ³¥¦ÊÉµÎ´ÒÌ ¸µ¸ÉµÖ´¨°, ¢µ§¡Ê¦¤ ¥³ÒÌ ¢ ¨´±²Õ§¨¢-
´ÒÌ Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ (¸É É¨¸É¨Î¥¸±¨¥ ³´µ£µ¸ÉÊ¶¥´Î ÉÒ¥ ¶·µÍ¥¸¸Ò). ‚ ´ -
¸ÉµÖÐ¥¥ ¢·¥³Ö  ±ÉÊ ²Ó´Ò³ ¢µ¶·µ¸µ³ Ö¢²Ö¥É¸Ö ¶µ¸É·µ¥´¨¥ ±¢ ´Éµ¢µ° É¥µ·¨¨
‘Œ�� ¨ ‘ŒŠ� ¢ ¨´±²Õ§¨¢´ÒÌ Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ ¸ ÊÎ ¸É¨¥³ ¸µ¸É ¢´ÒÌ Î -
¸É¨Í ¶·¨ ¶µ²´µ³ µ¶¨¸ ´¨¨ · §²¨Î´ÒÌ ³¥Ì ´¨§³µ¢ ³´µ£µ¸ÉÊ¶¥´Î Éµ£µ Ö¤¥·-
´µ£µ ¶·µÍ¥¸¸  ¨ µÉ´µ¸¨É¥²Ó´µ° ¶·µ¸ÉµÉ¥ · ¸Î¥Éµ¢.

7. ����™…���Ÿ Œ�„…‹œ ‘’�’ˆ‘’ˆ—…‘Šˆ•
Œ��ƒ�‘’“�…�—�’›• Ÿ„…��›• �…�Š–ˆ‰ (�Œ‘Œ�)

‚ ±¢ ´Éµ¢µ-¶µ²¥¢µ³ Ëµ·³ ²¨§³¥ ¸ ¶·¨³¥´¥´¨¥³ ³¥Éµ¤  ±¢ ´Éµ¢ÒÌ ËÊ´±-
Í¨° ƒ·¨´  [63] ¢ ¥¤¨´µ° É¥µ·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¸ ¸µ¸É ¢´Ò³¨ Î ¸É¨Í ³¨
Sba-³ É·¨Í  ·¥ ±Í¨¨ A(a, b)B, ¶·¨ ±² ¸¸¨Ë¨± Í¨¨ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨°
±µ´¥Î´µ£µ Ö¤·  B ψ(b)(B∗, βB∗ , UB∗,ββ∗ = UB) c § ¤ ´´Ò³ Î¨¸²µ³ Ô±¸¨Éµ´µ¢
B∗ = pB+hB (Î ¸É¨ÍÒ ¨ ¤Ò·±¨ µ¶·¥¤¥²¥´Ò ¶µ µÉ´µÏ¥´¨Õ ± Ê·µ¢´Õ ”¥·³¨
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Ö¤· -³¨Ï¥´¨ A) ¨ Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö UB∗,βB∗ = UB = EB∗ −EB, βB∗ Å
´ ¡µ· ±¢ ´Éµ¢ÒÌ Î¨¸¥² (¸³. · §¤. 5), µ¶·¥¤¥²Ö¥É¸Ö ¸µµÉ´µÏ¥´¨¥³ [61Ä68]:

Sba(Ea) = lim
ε,η→0

εη

∞∫
0

dt exp (iebt− ηt)

0∫
−∞

dt′ exp (−ieat′ + εt′)×

× lim
γ→0

γ

∞∫
t1

dt2 exp (i(EB∗ − EA)t2 − γt2)×

× 〈ψ(b)(B∗, βB∗ , UB∗,βB∗ = UB)|〈ϕb(kb)|GA[b+B∗, a]|ϕa(ka)〉, (83)

£¤¥ GA[b+B∗, a] Å ¶·¨Î¨´´ Ö ³´µ£µÎ ¸É¨Î´ Ö ËÊ´±Í¨Ö ƒ·¨´ 

GA[b +B∗, a] = 〈|T {ψ̃(x1, t1...ψ̃(xk, tk)ψ̃+(x′1, t
′
1)...ψ̃

+(x′k, t
′
k)}|A〉, (84)

ψ̃(+)(x, t)(ψ̃(x, t)) Å µ¶¥· Éµ· ·µ¦¤¥´¨Ö (Ê´¨ÎÉµ¦¥´¨Ö) ´Ê±²µ´  ¢ ¶·¥¤¸É ¢-
²¥´¨¨ ƒ¥°§¥´¡¥·£ ; x = (r, σ, τ); ϕa(b)(ka(b)) = ϕa(b)χa(b)(ka(b)) Å ¢µ²´µ¢ Ö
ËÊ´±Í¨Ö ¸¢µ¡µ¤´µ° ¸µ¸É ¢´µ° Î ¸É¨ÍÒ a(b); ea(eb) Å Ô´¥·£¨Ö Î ¸É¨ÍÒ a(b):
ea(b) = εa(b) − B0

a(b), B
0
a(b) Å Ô´¥·£¨Ö ¸¢Ö§¨ Î ¸É¨ÍÒ a(b); a ¨ b Å Î¨¸² 

´Ê±²µ´µ¢ ¢ ¶ ¤ ÕÐ¥° ¨ ¢Ò²¥É ÕÐ¥° Î ¸É¨Í Ì, k = (a + b + B∗)/2; EB∗ =
EB + UB, EA(B) Å ¢´ÊÉ·¥´´ÖÖ Ô´¥·£¨Ö Ö¤·  A(B) ¢ µ¸´µ¢´µ³ ¸µ¸ÉµÖ´¨¨.
‘µµÉ´µÏ¥´¨¥ (83) ¶µ²ÊÎ¥´µ ¢ ¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ Ö¤¥·´Ò° Ë· £³¥´É É¨¶  b
Ëµ·³¨·Ê¥É¸Ö ¨§ Î ¸É¨Í (´Ê±²µ´µ¢) ¸ Ô´¥·£¨¥° ¢ÒÏ¥ Ê·µ¢´Ö ”¥·³¨ Ö¤·  A.

‚¢¥¤¥³ ¶µ²´Ò¥ (¶·¨¢µ¤¨³Ò¥)  ³¶²¨ÉÊ¤Ò ¢§ ¨³µ¤¥°¸É¢¨Ö Γ̃N,N ′ Å ¸¨³-
³¥É·¨§µ¢ ´´Ò¥ ¸Ê³³Ò £· Ë¨±µ¢ ”¥°´³ ´ , ±µÉµ·Ò¥ ´ Î¨´ ÕÉ¸Ö ¨ ±µ´Î ÕÉ¸Ö
 ±Éµ³ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸ ¶µ³µÐÓÕ ¸µµÉ´µÏ¥´¨° (N > N ′)

GA[N,N ′] = G̃A[N,N ]Γ̃N,N ′G̃A[N ′, N ′], (85)

£¤¥ G̃A[N,N ] Å ËÊ´±Í¨Ö ƒ·¨´  ¸¨¸É¥³Ò N ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì Ô±¸¨Éµ´µ¢
Ê¤µ¢²¥É¢µ·Ö¥É Ê· ¢´¥´¨Õ

G̃A[N,N ] = G̃os
A [N,N ] + G̃0

A[N,N ]ṼN,NG̃A[N,N ]. (86)

s²µ±¨ ṼN,N µ¶·¥¤¥²ÖÕÉ¸Ö ¸µµÉ´µÏ¥´¨Ö³¨

ṼN,N = VN,N + VN,N+2G̃A[N + 2, N + 2]VN+2,N , (87)

£¤¥ VN,N Å ´¥¶·¨¢µ¤¨³Ò¥ ¸¨³³¥É·¨§µ¢ ´´Ò¥  ³¶²¨ÉÊ¤Ò ¢§ ¨³µ¤¥°¸É¢¨Ö (´¥-
¶·¨¢µ¤¨³Ò¥ ¢¥·Ï¨´´Ò¥ Î ¸É¨), ±µÉµ·Ò¥ ¸µµÉ¢¥É¸É¢ÊÕÉ ¸Ê³³¨·µ¢ ´¨Õ £· -
Ë¨±µ¢ ”¥°´³ ´ , ´¥ ¸µ¤¥·¦ Ð¨Ì ¡²µ±µ¢, ¸µ¥¤¨´¥´´ÒÌ ap, (a + 1)p1h, ...,
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(b + pB)phBh-²¨´¨Ö³¨; G̃os
A [N,N ](G̃0

A[N,N ]) Å ¸¨³³¥É·¨§µ¢ ´´µ¥ (´¥¸¨³-
³¥É·¨§µ¢ ´´µ¥) ¶·µ¨§¢¥¤¥´¨¥ N µ¤´µÎ ¸É¨Î´ÒÌ ËÊ´±Í¨° ƒ·¨´  {GA[1, 1]}.
“· ¢´¥´¨¥ ¤²Ö Γ̃N,N ′ ¨³¥¥É ¢¨¤ (N > N ′)

Γ̃N,N ′ = VN,N ′δN ′,N−2 +

+ VN,N−2G̃A[N − 2, N − 2]VN−2,N−4...G̃A[N + 2, N + 2]VN+2,N ′ . (88)

‚ ¶·¨¡²¨¦¥´¨¨, ±µ£¤  µ¶¥· Éµ· ṼN,N ¸² ¡µ § ¢¨¸¨É µÉ Ô´¥·£¨¨, ³µ¦´µ § ¶¨-

¸ ÉÓ · §²µ¦¥´¨¥ G̃[N,N ] ¶µ ¸µ¡¸É¢¥´´Ò³ ËÊ´±Í¨Ö³ ÔËË¥±É¨¢´µ£µ £ ³¨²ÓÉµ-

´¨ ´  H̃N,N = HŒ�
N + ṼN,N , H

Œ�
N Å £ ³¨²ÓÉµ´¨ ´ ³µ¤¥²¨ µ¡µ²µÎ¥± (¸¨¸É¥³ 

N Ô±¸¨Éµ´µ¢),

G̃A[N,N ] =
= Sγ |ψ(N, γ,EN,γ)〉〈ψ(N, γ,EN,γ)| exp [iEN,γ(t′ − t)]H(t− t′), (89)

£¤¥ EN,γ Å ¸µ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö Ô´¥·£¨¨; ¸¨³¢µ² Sγ µ¡µ§´ Î ¥É ¸Ê³³¨-
·µ¢ ´¨¥ ¶µ ¤¨¸±·¥É´Ò³ ¨ ¨´É¥£·¨·µ¢ ´¨¥ ¶µ ´¥¶·¥·Ò¢´Ò³ ±¢ ´Éµ¢Ò³ Î¨-
¸² ³ γ; H(x) Å ËÊ´±Í¨Ö •¥¢¨¸ °¤ . ”Ê´±Í¨¨ |ψ(N, γ,EN,γ)〉 ´µ·³¨·µ-
¢ ´Ò ´  δ-¸¨³¢µ² Š·µ´¥±¥·  ¨²¨ δ-ËÊ´±Í¨Õ ¢ § ¢¨¸¨³µ¸É¨ µÉ Éµ£µ, ¨¤¥É
·¥ÎÓ µ ¤¨¸±·¥É´µ° (|ψ(N, γ,EN,γ)〉 ≡ |ψ(b)(N, γ,EN,γ)〉) ¨²¨ ´¥¶·¥·Ò¢´µ°
(|ψ(N, γ,EN,γ)〉 ≡ |ψ(u)(N, γ,EN,γ)〉) Î ¸É¨ ¸¶¥±É· .

‚ E-¶·¥¤¸É ¢²¥´¨¨ ËÊ´±Í¨Ö ƒ·¨´  G̃A[N,N ] § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

G̃A[N,N ;E] = G̃
(b)
A [N,N ;E] + G̃

(u)
A [N,N ;E] =

=
∑
γ

|ψ(b)(N, γ,EN,γ)〉〈ψ(b)(N, γ,EN,γ)|
E − EN,γ

+

+ Sγ
|ψ(u)(N, γ,EN,γ)〉〈ψ(u)(N, γ,EN,γ)|

E − EN,γ + iδ
≡

≡ Sγ
|ψ(N, γ,EN,γ)〉〈ψ(N, γ,EN,γ)|

E(+) − EN,γ
. (90)

�µ¤¸É ¢²ÖÖ (85) ¢ (83) ¨ ¨¸¶µ²Ó§ÊÖ (89) ¨ (90), ¶µ¸²¥ ´¥¸²µ¦´ÒÌ ¶·¥µ¡· §µ-
¢ ´¨° ¨ · ¸±·ÒÉ¨Ö {lim} ¶µ²ÊÎae³ ¤²Ö Tba-³ É·¨ÍÒ ·¥ ±Í¨¨ A(a, b)B ¸²¥¤Ê-
ÕÐ¥¥ ¢Ò· ¦¥´¨¥ (¢ ¶·¥´¥¡·¥¦¥´¨¨ ¢§ ¨³µ¤¥°¸É¢¨¥³ b ´Ê±²µ´µ¢, Ëµ·³¨·ÊÕ-
Ð¨Ì ¢Ò²¥É ÕÐÊÕ Î ¸É¨ÍÊ (b) ¢ ¢ÒÌµ¤´µ³ ± ´ ²¥) ¶·¨ ÊÎ¥É¥ ¢±² ¤  ¢ ¸¥Î¥´¨¥,
µ¶·¥¤¥²Ö¥³µ£µ µ¡µ²µÎ¥Î´µ° µ¡² ¸ÉÓÕ Ö¤·  [67]:

Tba(Ea = Eb + UB) = SαCa(ka, α, Ea,α = Ea)SβCb(kb, β, Eb,β = Eb)×
× 〈ψ(b, β, Eb,β = Eb)|〈ψ(b)(B∗, βB∗ , UB∗,βB∗ = UB)| ×

× Γ̃b+B∗,a(Ea)|ψ(a, α,Ea,α = Ea)〉, (91)
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£¤¥

Ca(ka, α, Ea,α = Ea) = 〈ψ(a, α,Ea,α = Ea)|ϕa(ka)〉,
Cb(kb, β, Eb,β = Eb) = 〈ψ(b, β, Eb,β = Eb)|ϕb(kb)〉.

(92)

‚Ò· ¦¥´¨Ö (91) ¨ (92) § ¶¨¸ ´Ò ¶·¨ µ¶·¥¤¥²¥´¨¨ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¶·µ-
³¥¦ÊÉµÎ´µ£µ Ö¤·  ¢ ·¥ ±Í¨¨ A(a, b)B: Wa = ea + EA − Ec→Ea = ea +
Ba;Wa = Wb = eb + EB∗ − Ec→Ea = Eb + UB , ¶·¨Î¥³ Eb = εb + Bb, Ea =
εa +Ba;Eb,β = Eb, Ea,α = Ea.

�·¨ ÊÎ¥É¥ ±² ¸É¥·µ¢ ¢µ ¢Ìµ¤´µ³ ¨ ¢ÒÌµ¤´µ³ ± ´ ² Ì ¨§ (83) ¢ ¶·¥´¥-
¡·¥¦¥´¨¨ ¶·µÍ¥¸¸ ³¨ ¶¥·¥¸É·µ°±¨ ¢µ ¢Ìµ¤´µ³ ¨ ¢ÒÌµ¤´µ³ ± ´ ² Ì ¤²Ö Tba
¶µ²ÊÎ ¥³ (¢ ±² ¸É¥·´µ³ ¶·¨¡²¨¦¥´¨¨) [67];

Tba(Ea) = 〈χ(−)
b (kb)|〈ψ(b)(B∗, ββ∗ , UB∗,βB∗ = UB)| ×

× Γ̃b+B∗,a(Ea)|ϕa〉|χ(+)
a (ka)〉. (93)

”µ·³Ê²  (93) ¸µ¢¶ ¤ ¥É ¸ ¢Ò· ¦¥´¨¥³ ¤²Ö Tba-³ É·¨ÍÒ ¢ Œˆ‚ (75)
(¸³. · §¤. 5). …¸²¨ ¤²Ö Γb+B∗,a, µ¶·¥¤¥²Ö¥³µ° Ê· ¢´¥´¨¥³ (88) ¶·¨ N = b+B∗

¨ N ′ = a, ÊÎ¨ÉÒ¢ ÉÓ Éµ²Ó±µ G̃
(b)
A [N,N ;Ea] ¢ �‘ (Q-± ´ ²) ¶·¨ Ê¸²µ¢¨¨

Γn > Dn−1 > Dn, ¶µ²ÊÎ¨³ Ëµ·³Ê²Ò ¤²Ö ‘ŒŠ�-¸¥Î¥´¨° (51)Ä(52), ¥¸²¨

Éµ²Ó±µ G̃(u)
A [N,N,Ea] ¢ �‘ (P -± ´ ²), ¢ · ³± Ì ¸É É¨¸É¨±¨ ²¨¤¨·ÊÕÐ¥° Î -

¸É¨ÍÒ, ¶µ²ÊÎ¨³ Ëµ·³Ê²Ò ¤²Ö ‘Œ��-¸¥Î¥´¨° (72)Ä(75) (¸³. p §¤. 4, 5). …¸²¨
¶·µ¢¥¸É¨ ¢ ¡²µ±¥ Γ̃N,N ′ (88) ¸Ê³³¨·µ¢ ´¨¥ £· Ë¨±µ¢, ¶·¨¢µ¤¨³ÒÌ ¶µ ¢´Ê-
É·¥´´¨³ ²¨´¨Ö³, ¸µ¤¥·¦ Ð¨Ì ÌµÉÖ ¡Ò µ¤´Ê Î ¸É¨ÍÊ ¢ ´¥¶·¥·Ò¢´o³ ¸¶¥±É·¥,
¨ ´¥¶·¨¢µ¤¨³ÒÌ ¶µ ²¨´¨Ö³ ¸¢Ö§ ´´ÒÌ (±¢ §¨¸¢Ö§ ´´ÒÌ) Î ¸É¨Í, ¤²Ö ¶µ²´µ°
 ³¶²¨ÉÊ¤Ò Γ̃N,N ′(N > N ′) ¶µ²ÊÎ¨³

Γ̃N,N ′(Ea) = Γ̃(u)
N,N ′(Ea) + Γ̃(u)

N,N−2(Ea)G̃
(b)
A [N − 2, N − 2;Ea]×

× Γ̃(u)
N−2,N−4(Ea)... G̃

(b)
A [a+ 2, a+ 2;Ea]Γ̃

(u)
a+2,a(Ea), (94)

Γ̃(u)
N,N ′(Ea) = VN,N ′δN,N ′+2+VN,N−2G̃

(u)
A [N−2, N−2;Ea]VN−2,N−4G̃

(u)
A ×

× [N − 4, N − 4, Ea]...G̃
(u)
A [N ′ + 2, N ′ + 2;Ea]VN ′+2,N ′ (95)

¨²¨ ¢ ¸¨³¢µ²¨Î¥¸±µ° § ¶¨¸¨

Γ̃ = Γ̃(u)

∑
s≥0

(G̃(b)
A Γ̃(u))s

 , Γ̃(u) = V

∑
s≥0

G̃
(u)
A V

s . (96)

�·¨ ÔÉµ³ Γ̃(u) ¸µµÉ¢¥É¸É¢Ê¥É ‘Œ��, Γ̃(b) = V (
∑
s≥1

(G̃(b)
A V )s Å ‘ŒŠ�,

V G̃
(u)
A V G̃

(b)
A Γ̃(b) Å 1‘�� → ‘ŒŠ�, V G̃(u)

A V G̃
(u)
A V G̃

(b)
A Γ̃(b) Å 2‘�� →
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‘ŒŠ�, ¨ É. ¤. (¸³. · §¤. 5). ‚ µ¡Ð¥³ ¸²ÊÎ ¥ ¸µ£² ¸´µ (94), (95) ¢µ§³µ¦´Ò
¸²¥¤ÊÕÐ¨¥ ¶¥·¥Ìµ¤Ò ‘Œ�� � ‘ŒŠ� (P � Q):

Pa
↗

↘

P1 → P2 → P3 → . . .

Q1 → Q2 → Q3 → . . . .

↘↗ ↘↗

‚ · ³± Ì ¸É É¨¸É¨Î¥¸±¨Ì ¶·¨¡²¨¦¥´¨° (¸³. · §¤. 4, 5) ¤²Ö ±µ³¡¨´¨·µ-
¢ ´´µ£µ ¸É É¨¸É¨Î¥¸±µ£µ ³´µ£µ¸ÉÊ¶¥´Î Éµ£µ ¶·µÍ¥¸¸  (‘Œ�� → ‘ŒŠ�) ¨§
(94) ¨ (95) c²¥¤Ê¥É, ÎÉµ ‘Œ��→ CŒŠ�-¸¥Î¥´¨¥ µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

d2σ‘Œ��→CŒŠ�
a,b (ka,kb)

dεbdΩb
=

=
∑
c=p,n

∑
n≥1

∫
dkc
(2π)3

d2W‘ŒŠ�
b,c(n+1)(kb,kc)

dεbdΩb

d2σn‘��a,c (ka,kc)
dεcdΩc

, (97)

£¤¥
d2σn‘��a,c

dεcdΩc
µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨Ö³¨ (72) ¨ (73),

d2W‘ŒŠ�
a,c(n+1)

dεbdΩb
Å Ëµ·³Ê-

² ³¨ É¨¶  (51) ¨ (52) (¤²Ö ‘ŒŠ� ¸ ´ Î ²Ó´Ò³ Î¨¸²µ³ Ô±¸¨Éµ´µ¢ N ′
0 = N+2),

¢ ±µÉµ·ÒÌ

σ‘ŒŠ�a (N ′
0, εa) → W ↓

n(εc, Ea, N
′
0) = 2π2�(b)+1 (Ec)〈|〈ψ(b)(N ′

0, β, EN ′
0,β

=

= Ea)|VN ′
0,N

|χ(+)
c (kc)〉|ψ(b)(N − 1, α, UN−1,α)〉|2〉. (98)

ˆ¸¶µ²Ó§ÊÖ ¤²Ö Tba-³ É·¨ÍÒ ·¥ ±Í¨¨ ¸ ¸µ¸É ¢´Ò³¨ Î ¸É¨Í ³¨ (a, b �= N)
¢Ò· ¦¥´¨¥ (91), ¤²Ö Ê¸·¥¤´¥´´ÒÌ ‘Œ��- ¨ ‘ŒŠ�-¸¥Î¥´¨° ¶µ²ÊÎae³:

 ) ‘Œ��:
d2σ‘Œ��a,b

dεbΩb
µ¶·¥¤¥²ÖÕÉ¸Ö Ëµ·³Ê² ³¨ (72) ¨ (73) (· ¸¸³ É·¨¢ -

ÕÉ¸Ö ‘Œ��: 1‘�� (a, b); 2‘�� (a,N)(N, b); 3‘�� (a,N)(N,N ′)(N ′, b)
¨ É. ¤.) ¸ § ³¥´µ°

d2σ1‘��a,b

dεbdΩb
→ 2π�(εb,Ωb)

�va
�
(b)f
1 (U1 = Ea − Eb)F

(u)
b0 (kb)×

× 〈|〈ψ(u)(b, β, Eb,β = Eb)|〈0, 1, β1, Eβ1 = Ea − Eb|Vb+1,a|0〉 ×

× |ψ(u)(a, α,Ea,α = Ea)〉|2〉F (u)
a0 (ka) (99)
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¤²Ö b = a+ 1 ( ´ ²µ£¨Î´Ò¥ ¢Ò· ¦¥´¨Ö ²¥£±µ ´ ¶¨¸ ÉÓ ¤²Ö b ≤ a);

d2σ1‘��a,N

dεNdΩN
→ 2π�(εb,Ωb)

�va
�(b)(a, 1, Ea − EN )〈|〈χ(−)

N (kN )| ×

× 〈ψ(b)(a+ 1, β, Ua+1,β = Ea − EN )|Va+2,a|0〉 ×

× |ψ(u)(a, α,Ea,α = Ea)〉F (u)
a0 (ka), (100)

d2σ1‘��N,b

dεbdΩb
→ 2π�(εb,Ωb)

�vN
�
(b)f
1 (U1 = EN − Eb)F

(u)
b0 (kb)×

× 〈|〈ψ(u)(b, β, Ebβ = Eb)|〈0, 1, β1, Eβ1 = EN − Eb|Vb+1,1|0〉 ×

× |χ(+)
N (kn)〉|2〉 (¤²Ö b = 2), (101)

£¤¥

F
(u)
a0 (ka) = Sα>F |C(u)

a (ka, α, Ea,α = Ea)|2,

F
(u)
b0 (kb) = Sβ>F |C(u)

b (kb, β, Eb,β = Eb)|2,
(102)

C(u)
a (ka, α, Ea,α, = Ea) = 〈ψ(u)(a, α,Ea,α|ϕa(ka)〉,

C
(u)
b (kb, β, Eb,β = Eb) = 〈ψ(u)(b, β, Eb,β)|ϕb(kb)〉.

‚ (99) ¨ (101) ¨³¥¥³ �
(b)f
1 (U1) = �(b)(0, 1, U1) Å ¶²µÉ´µ¸ÉÓ ±¢ §¨¸¢Ö§ ´-

´ÒÌ ¸µ¸ÉµÖ´¨° µ¸É ÉµÎ´µ£µ Ö¤·  ¸ Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö U1, ¤µ¸ÉÊ¶´ÒÌ ¶·¨
¶¥·¥Ìµ¤¥ ¸ ∆N = +2 ¢ 1‘��.

‚ (102) ψ(u) Å ¢µ²´µ¢ Ö ËÊ´±Í¨Ö ´¥¸¢Ö§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö ¸¨¸É¥³Ò ¢µ§-
¡Ê¦¤¥´´ÒÌ a(b) Î ¸É¨Í (¸ Ô´¥·£¨¥° ¢ÒÏ¥ Ê·µ¢´Ö ”¥·³¨ (α(β) > F )) ¨,
¸²¥¤µ¢ É¥²Ó´µ, F (u)

b0 Å Ë ±Éµ· Ëµ·³¨·µ¢ ´¨Ö ¸µ¸É ¢´µ° Î ¸É¨ÍÒ É¨¶  b ¨§
b ¢µ§¡Ê¦¤¥´´ÒÌ Î ¸É¨Í ¢ ´¥¸¢Ö§ ´´µ³ ¸µ¸ÉµÖ´¨¨ (β > F ) (³¥Ì ´¨§³ ±µ ²¥¸-
Í¥´Í¨¨ (¸³. · §¤. 2)); F (u)

a0 Å Ë ±Éµ· · §¢ ²  ¶ ¤ ÕÐ¥° ¸µ¸É ¢´µ° Î ¸É¨ÍÒ
É¨¶  a ´  a ¢µ§¡Ê¦¤¥´´ÒÌ Î ¸É¨Í (α > F ), Å ´¥¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ´¨¥ a Î ¸É¨Í
(³¥Ì ´¨§³ · §¢ ² , ¶·¨ ±µÉµ·µ³ ¥¸ÉÓ ÌµÉÖ ¡Ò µ¤´  Î ¸É¨Í  ¢ ±µ´É¨´ÊÊ³¥).

¡) ‘ŒŠ�: ¢ (51) ¨ (52) § ³¥´¨ÉÓ

σ‘ŒŠ�a → 4π3

k2a
�(b)+(a, 0, Ea, J)F

(b)
a0 (εa, la, s, J)| ×

× 〈|〈ψ(b)(a+ 2, γ, Ea+2,γ = Ea, J)×
× Va+2,a|ψ(b)(a, α,Ea,α = Ea, J)〉|2〉, (103)
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ÔÉµ ¸¥Î¥´¨¥ · §¢ ²  ¶ ¤ ÕÐ¥° Î ¸É¨ÍÒ É¨¶  a ´  a ¢µ§¡Ê¦¤¥´´ÒÌ Î ¸É¨Í ¢µ
¢Ìµ¤´µ³ ± ´ ²¥ ¸ µ¡· §µ¢ ´¨¥³ ¶·µ³¥¦ÊÉµÎ´µ° ¸¨¸É¥³Ò ¢ ´ Î ²Ó´µ³ ¸¢Ö§ ´-
´µ³ (±¢ §¨¸¢Ö§ ´´µ³) ¸µ¸ÉµÖ´¨¨ ¸ N0 = a+ 2 Ô±¸¨Éµ´ ³¨;

Γ↑
n,b(εb, lb, s

′, J) → 2π〈|〈ψ(b)(N, γ,En,γ = EaJ)|VN,b+B∗ ×
× |ψ(b)(B∗, βB∗ , UB∗,βB = UB, IB)〉|ψ(b)(b, γ, Eb,γ = Ea − UB)〉|2〉 ×

× �
(b)f+
n,b (UB, IB)F

(b)
b0 (εb, lb, s′, J). (104)

‚ (103) ¨ (104) F (b)
a0 Å Ë ±Éµ· · §¢ ²  ¶ ¤ ÕÐ¥° Î ¸É¨ÍÒ É¨¶  a ¢µ ¢Ìµ¤´µ³

± ´ ²¥ ´  a ¢µ§¡Ê¦¤¥´´ÒÌ Î ¸É¨Í ¢ ¸¢Ö§ ´´µ³ (±¢ §¨¸¢Ö§ ´´µ³) ¸µ¸ÉµÖ´¨¨

(α > F ) ¨ F (b)
b0 Å Ë ±Éµ· Ëµ·³¨·µ¢ ´¨Ö ¸µ¸É ¢´µ° Î ¸É¨ÍÒ É¨¶  b ¢ ¢ÒÌµ¤-

´µ³ ± ´ ²¥ ¨§ b ¢µ§¡Ê¦¤¥´´ÒÌ Î ¸É¨Í ¢ ±¢ §¨¸¢Ö§ ´´µ³ ¸µ¸ÉµÖ´¨¨ (β > F ):

F
(b)
a0 (εa, la, s, J) = Sα>F |C(b)

a (la, s, J, εa, α, Ea,α = Ea)|2,

F
(b)
b0 (εb, lb, s′, J) = Sβ>F |C(b)

b (lb, s′, J, εb, β, Eb,β = Eb)|2,
(105)

£¤¥

C(b)
a (la, s, J, εa, α, Ea,α) = 〈ψ(b)(a, α,Ea,α, J)|ϕa(la, s, J, εa)〉,

C
(b)
b (lb, s′, J, εb, β, Eb,β) = 〈ψ(b)(b, β, Eb,β , J)|ϕb(lb, s′, J, εb)〉,

(106)

�
(b)f+
n,b (UB) Å ¶²µÉ´µ¸ÉÓ ±¢ §¨¸¢Ö§ ´´ÒÌ Ô±¸¨Éµ´´ÒÌ ¸µ¸ÉµÖ´¨° ±µ´¥Î´µ£µ
Ö¤·  ¸ Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö UB , ¤µ¸ÉÊ¶´ÒÌ ¶·¨ ¶¥·¥Ìµ¤¥ ∆N = +2 ¢ ¢ÒÌµ¤-
´µ° ± ´ ² (b) ¢ ‘ŒŠ�. �‘ n-£µ ¶µ·Ö¤±  ¢ µ¡Ð¥³ ¸²ÊÎ ¥ ±² ¸¸¨Ë¨Í¨·ÊÕÉ¸Ö
Î¨¸²a³¨ Î ¸É¨Í, ¤Ò·µ±, Ëµ´µ´µ¢ (coll) ¨ ±² ¸É¥·µ¢.

‚µ ¢´ÊÉ·¥´´¥° (µ¡µ²µÎ¥Î´µ°) µ¡² ¸É¨ Ö¤·  Ê¸¶¥Ï´µ ¨¸¶µ²Ó§ÊÕÉ¸Ö ¶·¥¤-

¸É ¢²¥´¨Ö µ¡µ²µÎ¥Î´µ° ³µ¤¥²¨ (G̃A[N,N ]  G̃
(ph)
A [N,N ]), ¢ ¶µ¢¥·Ì´µ¸É´µ°

(±² ¸É¥·´µ°) µ¡² ¸É¨ ¢Ò¤¥²ÖÕÉ¸Ö ± ´ ²Ò ·¥ ±Í¨¨, ¢ ±µÉµ·ÒÌ ¶·µ¤Ê±ÉÒ ·¥-

 ±Í¨¨ ¸Ëµ·³¨·µ¢ ´Ò [69] (G̃A[N,N ]  G̃
(cl)
A [N,N ] + G̃

(ph)
A [N,N ]). �·¨

ÊÎ¥É¥ ¤¢ÊÌ É¨¶µ¢ ¢´ÊÉ·¨Ö¤¥·´ÒÌ ¶¥·¥Ìµ¤µ¢ ¸ ¨§³¥´¥´¨¥³ Î¨¸²  Ô±¸¨Éµ´µ¢
∆N = +2 ¨ Î¨¸²  Ëµ´µ´µ¢ ∆NË = +1 ¶·¨Ìµ¤¨³ ± Ô±¸¨Éµ´´µ-Ëµ´µ´´µ° ³µ-
¤¥²¨ ¸É É¨¸É¨Î¥¸±¨Ì ³´µ£µ¸ÉÊ¶¥´Î ÉÒÌ ¶·µÍ¥¸¸µ¢ [67, 70, 71]. ‚ (99), (101),

(104) Ë ±Éµ·Ò {F (u)
b0 , F

(b)
b0 } ÊÎ¨ÉÒ¢ ÕÉ ¢µ§³µ¦´µ¸ÉÓ Ëµ·³¨·µ¢ ´¨Ö ¸µ¸É ¢´µ°

Î ¸É¨ÍÒ É¨¶  b ¨§ ¢µ§¡Ê¦¤¥´´ÒÌ Î ¸É¨Í (³¥Ì ´¨§³ ±µ ²¥¸Í¥´Í¨¨). O¤´ ±µ
¢µ§³µ¦¥´ É ±¦¥ ³¥Ì ´¨§³ Ëµ·³¨·µ¢ ´¨Ö ¸µ¸É ¢´µ° Î ¸É¨ÍÒ b ¨§ ´Ê±²µ´µ¢ ¸
Ô´¥·£¨¥° ´¨¦¥ Ê·µ¢´Ö ”¥·³¨ (³¥Ì ´¨§³ ¶·Ö³µ£µ ¶µ¤Ì¢ É  (¸³. · §¤. 2)).

„²Ö ¶·¨³¥·  · ¸¸³µÉ·¨³ 1‘��: A(p, b)B, b = 3He (·¥ ±Í¨Ö ¶·Ö³µ£µ
¶µ¤Ì¢ É , ¤¢ÊÌ´Ê±²µ´´ Ö ¶¥·¥¤ Î  (m = 2-¶µ¤Ì¢ É)). ‚ ¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ
1‘�� (·¥ ±Í¨Ö ¶·Ö³µ£µ ¶µ¤Ì¢ É ) ¶·µ¨¸Ìµ¤¨É £² ¢´Ò³ µ¡· §µ³ ¸ ´ ¨¡µ²¥¥
¸² ¡µ¸¢Ö§ ´´Ò³¨ ´Ê±²µ´ ³¨, ´ Ìµ¤ÖÐ¨³¨¸Ö ¢ ¶µ¢¥·Ì´µ¸É´µ° (±² ¸É¥·´µ°)
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µ¡² ¸É¨ Ö¤·  A, ¢µ²´µ¢ÊÕ ËÊ´±Í¨Õ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö Ö¤·  A ³µ¦´µ § -
¶¨¸ ÉÓ ¢ ¢¨¤¥

|A〉 = |B +m〉 =
∑
B′,β′

m

∫
d3x[m]C

B′A
β′

m
ψ(b)(m,β′

m, Em,β′
m
;x[m])×

× ψ̃+(x1, t′)ψ̃+(x2, t′)|B′〉, (107)

£¤¥ CB′A
β′

m
Å ¸¶¥±É·µ¸±µ¶¨Î¥¸± Ö  ³¶²¨ÉÊ¤  ¤¢ÊÌ ¶¥·¥¤ ¢ ¥³ÒÌ ´Ê±²µ´µ¢

(m = 2(= p′ + n)):

CB′A
β′

m
= 〈A|

∫
d3x′[m]ψ

(b)(m,β′
mEm,β′

m
;x[m])ψ+(x1)ψ+(x2)|B′〉,

B′, β′
m Å ´ ¡µ·Ò ±¢ ´Éµ¢ÒÌ Î¨¸¥²; x1 = xp′ , x2 = xn; β′

m = (β′
p′ , β

′
n);

|Ψ(b)(m,β′
m, Em,β′

m
)〉 Å ¢µ²´µ¢ Ö ËÊ´±Í¨Ö ¸¨¸É¥³Ò m ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì

Î ¸É¨Í ¢ ¸·¥¤´¥³ ¶µ²¥ Ö¤·  B ¸ Ô´¥·£¨¥° Em,β′
m
(Î ¸É¨ÍÒ µ¶·¥¤¥²¥´Ò µÉ´µ-

¸¨É¥²Ó´µ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö Ö¤·  B).
ˆ§ (83) ¤²Ö Sb,p(b = 3He) ¶µ²ÊÎ¨³

Sb,p = lim
εη→0

εη
∑
β′

m

CBA
β′

m

0∫
−∞

dt′
∞∫
0

dt eiebt−ηte−i(ep+EA−EB)t′+εt′ ×

× 〈ϕb(kb)|G̃B [3, 3]|ψ(b)(m,β′
m, Em,β′

m
)〉|ϕp(kp)〉, (108)

£¤¥

G̃B [3, 3] ≡ Gn′p1p2,np′p = Gos
n′p1p2,np′p +

+G0
n′p1p2,np′pVn′p1p2,np′pGn′p1p2,np′p, (109)

Vn′p1p2,np′p2 = G−1
n′nVp1p2,pp′ +G−1

p1pVn′p2,np′ +G−1
p2pVn′p1,np′ ,

¶·¨Î¥³ G̃B[3, 3] ≡ G̃A−m[b, b] ¶·¨ b = 3, m = 2; EA + ep = EB + eb.
ˆ¸¶µ²Ó§ÊÖ (91), ¤²Ö Tb,p µ±µ´Î É¥²Ó´µ ¶µ²ÊÎae³ (¢±² ¤ ±² ¸É¥·´µ° µ¡² -

¸É¨ Ö¤· )

T s�ˆ‚b,p =
∑
β′

m

CBA
β′

m
〈χ(−)
b (kb)|〈ϕb|V eff

p,p′n|ψ(b)(m,β′
mEm,β′

m
)〉|χ(+)

p (kp)〉, (110)

£¤¥ V eff
p,p′n = G−1

p′ vnp + G−1
n vpp′ ; χ

(−)
b (kb), χ

(+)
p (kp) Å ¨¸± ¦¥´´Ò¥ ¢µ²´Ò

(¢ V (¢)
opt, V

(p)
opt ).
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�µ²ÊÎ¥´´ Ö Ëµ·³Ê²  (110) ¤²Ö T s�ˆ‚b,p µ¶¨¸Ò¢ ¥É ¶·Ö³µ° (¶µ¢¥·Ì´µ¸É´Ò°)
³¥Ì ´¨§³ Ëµ·³¨·µ¢ ´¨Ö b ≡ 3He ¨§ ¤¢ÊÌ ´Ê±²µ´µ¢ ¸ Ô´¥·£¨¥° ´¨¦¥ Ê·µ¢´Ö
”¥·³¨ Ö¤·  A (m < F ) ¨ ´ ²¥É ÕÐ¥£µ ´Ê±²µ´  (¶·µÉµ´ ) (¸³. · §¤. 4, ·¨¸. 3).

‚ ¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ Ö¤·µ-³¨Ï¥´Ó Å A-Ö¤·µ ¸ ´¥§ ¶µ²´¥´´µ° ¢´¥Ï-
´¥° µ¡µ²µÎ±µ° (§ ¶µ²´¥´Ò ´¨§Ï¨¥ µ¡µ²µÎ±¨): A = B(±µ·) + m (¢´¥Ï´¨¥
´Ê±²µ´Ò), B Å Î¥É´µ-Î¥É´µ¥ Ö¤·µ ¸ § ³±´ÊÉÒ³¨ µ¡µ²µÎ± ³¨, ¨ ¢´¥Ï´¨¥ ´Ê-
±²µ´Ò ´¥ ÊÎ ¸É¢ÊÕÉ ¢µ ¢´ÊÉ·¨Ö¤¥·´µ³ ³´µ£µ¸ÉÊ¶¥´Î Éµ³ ¶·µÍ¥¸¸¥ (∆N =
+2), ¶·¨ ÔÉµ³ Î ¸É¨ÍÒ ¨ ¤Ò·±¨ µ¶·¥¤¥²¥´Ò µÉ´µ¸¨É¥²Ó´µ µ¸´µ¢´µ£µ ¸µ¸Éµ-
Ö´¨Ö Ö¤·  B, ¢ · ³± Ì ±¢ ´Éµ¢µ-¶µ²¥¢µ£µ Ëµ·³ ²¨§³  ‘Œ�� ¨ ‘ŒŠ� ¶·¨
ÊÎ¥É¥ ¢µ§³µ¦´µ¸É¨ Ëµ·³¨·µ¢ ´¨Ö ¢Ò²¥É ÕÐ¥° ¸µ¸É ¢´µ° Î ¸É¨ÍÒ b ¨§ % ¢µ§-
¡Ê¦¤¥´´ÒÌ Î ¸É¨Í (% > F ) ¨ m ´Ê±²µ´µ¢ ¸ Ô´¥·£¨¥° ´¨¦¥ Ê·µ¢´Ö ”¥·³¨ Ö¤· 
A (m < F ) ¢ ¢ÒÌµ¤´µ³ ± ´ ²¥ Sb,a-³ É·¨Í  ¢ ¶·¥´¥¡·¥¦¥´¨¨ ¶·µÍ¥¸¸ ³¨
¶¥·¥¸É·µ°±¨ ¢ ¢ÒÌµ¤´µ³ ± ´ ²¥ µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³ (¸³. (93), (108))

Sb,a = lim
ε,η→0

εη
∑
β′

m

CBA
β′

m

0∫
−∞

dt′
∞∫
0

dt ei(eb+EB∗−EB)t−ηt e−i(ea+EA−EB)t′+εt′×

× 〈ψ(B∗, βB∗ , UB∗,βB∗ = UB)|〈ϕb(kb)|G̃B [b, b]|ψ(b)(m,β′
m, Em,β′

m
)〉 ×

× G̃A[B∗, B∗]Γ̃l+B∗,aG̃A[a, a]|ϕa(ka)〉, (111)

¶·¨ ÔÉµ³ EB∗ = EB + UB.
’µ£¤  ¤²Ö Tba-³ É·¨ÍÒ (91), (110) ¢ ¶·¨¡²¨¦¥´¨¨ ψ(b, l, βl,m,βm,Eb,β)

ψ(l, βl, El,βl
)ψ(b)(m,βm, Em,βm), É. ¥. ¶·¥¤¶µ² £ ¥É¸Ö, ÎÉµ ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨

¶µ¢¥·Ì´µ¸É´ÒÌ (¢´¥Ï´¨Ì) m ´Ê±²µ´µ¢ (m < F ) (¨²¨ ¤Ò·µ± µÉ´µ¸¨É¥²Ó´µ
µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö Ö¤·  A) ¸² ¡µ ¶¥·¥±·Ò¢ ÕÉ¸Ö ¸ ¢µ²´µ¢Ò³¨ ËÊ´±Í¨Ö³¨
¢´ÊÉ·¥´´¨Ì Î ¸É¨Í (¨ ¤Ò·µ±), ¶µ²ÊÎ¨³ (¢±² ¤ µ¡µ²µÎ¥Î´µ° µ¡² ¸É¨ Ö¤· )

Tb,a(Ea) = SαCa(ka, α, Ea,α = Ea)×
× Sβl,βmCb(l,m)(kb, β, Eb,β = El,βl

+ Em,βm = Eb)×
× CBA

βm
〈ψ(l, βl, El,βl

)|〈ψ(B∗, βB∗ , UB∗,βB∗ = UB = Ea − Eb)| ×
× Γ̃l+B∗,a(Ea)|ψ(a, α,Ea,α = Ea)〉, (112)

£¤¥
Cb(l,m)(kb, β, Eb,β) = 〈ψ(b, l, βl,m, βm, Eb,β)|ϕb(kb)〉, (113)

¶·¨Î¥³ β = (βl, βm), βl > F, βm < F, b = % +m. �·¨ µ¶·¥¤¥²¥´¨¨ Ô´¥·£¨¨
¶·µ³¥¦ÊÉµÎ´µ£µ Ö¤·  Wa = eb + EB + UB − Ec→εb + Bb + UB = Eb + UB
¨³¥¥³ Eb,β = Em,βm + El,βl

= Eb.
„²Ö Ê¸·¥¤´¥´´ÒÌ ¸¥Î¥´¨° ‘Œ�� ¨ ‘ŒŠ� ¶µ²ÊÎ¨³ ¢Ò· ¦¥´¨Ö,  ´ ²µ-

£¨Î´Ò¥ (99), (101) ¨ (104), ¸ § ³¥´o°

F
(u)
b0 → F

(u)
lm (kb) = S(βl>F,

βm<F)
|CBA
βm

|2|C(u)
b(l,m)(kb, β, Eb,β = Eb)|2, (114)
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�(b)fn (Un)→�
(b)f
n(l) (Un) =

{
�(b)(1, 1, Un), % = 1,

�(b)(0, 1, Un), % > 1,
(115)

F
(b)
b0 →F

(b)
lm (εb, lb, s′, J) =

= S(βl>F,

βm<F)
|CBA
βm

|2|C(b)
b(l,m)(lb, s

′, J, εb, β, Eb,β = Eb)|2, (116)

�
(b)f(∆n)
n,b (UB, IB) → �

(b)f(∆n)
n,b(l) (UB, IB), (117)

£¤¥ �(b)f(∆n)n,b(l) (UB, IB)Å ¶²µÉ´µ¸É¨ ±¢ §¨¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨° ±µ´¥Î´µ£µ Ö¤· 
B ¸ Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö UB , ¤µ¸ÉÊ¶´ÒÌ ¶·¨ ¶¥·¥Ìµ¤ Ì ∆N = 0,±2 ¢ ¢Ò-
Ìµ¤´µ° ± ´ ² ¸ Ëµ·³¨·µ¢ ´¨¥³ ¸µ¸É ¢´µ° Î ¸É¨ÍÒ b ¨§ m ´Ê±²µ´µ¢ ¸ Ô´¥·-
£¨¥° ´¨¦¥ Ê·µ¢´Ö ”¥·³¨ Ö¤·  A (³¥Ì ´¨§³ ¶·Ö³µ£µ m-¶µ¤Ì¢ É ,
m = b− %).

�·µ¢¥¤¥´´Ò° ¢ÒÏ¥ ¢ · ³± Ì ±¢ ´Éµ¢µ-¶µ²¥¢µ£µ Ëµ·³ ²¨§³   ´ ²¨§ Ö¤¥·-
´ÒÌ ·¥ ±Í¨° ¸ ÊÎ ¸É¨¥³ ¸µ¸É ¢´ÒÌ Î ¸É¨Í µ¡µ¸´µ¢Ò¢ ¥É ¨¸¶µ²Ó§Ê¥³Ò¥ ¢ �Œ
Ë ±Éµ·Ò Ëµ·³¨·µ¢ ´¨Ö Flm(εb,∆R) (8) ¨ ¶µ¸ÉÊ²¨·µ¢ ´´µ¥ ¸µµÉ´µÏ¥´¨¥ (9),
±µ£¤  ¢±² ¤ ¢ ¸¥Î¥´¨¥ µ¶·¥¤¥²Ö¥É¸Ö ¢´ÊÉ·¥´´¥° (µ¡µ²µÎ¥Î´µ°) µ¡² ¸ÉÓÕ Ö¤· .

ˆ´±²Õ§¨¢´Ò¥ Ö¤¥·´Ò¥ ·¥ ±Í¨¨ ¸ ÊÎ ¸É¨¥³ ¸µ¸É ¢´ÒÌ Î ¸É¨Í A(a, b)B
¢ �Œ‘Œ� µ¶¨¸Ò¢ ÕÉ¸Ö ¢ ¢¨¤¥ É·¥ÌÔÉ ¶´µ£µ ¶·µÍ¥¸¸  ¶µ ¸Ì¥³¥
a↓(N,N ′)↑b(l,m): ´  ¶¥·¢µ³ ÔÉ ¶¥ Å · §¢ ² ¶ ¤ ÕÐ¥° ¸µ¸Éa¢´µ° Î ¸É¨ÍÒ
a ¢µ ¢Ìµ¤´µ³ ± ´ ²¥ ´  a ¢µ§¡Ê¦¤¥´´ÒÌ Î ¸É¨Í (Ë ±Éµ· Fa0); ´  ¢Éµ·µ³
ÔÉ ¶¥ Å ¢´ÊÉ·¨Ö¤¥·´Ò° ¶·µÍ¥¸¸ (NN -¸Éµ²±´µ¢¥´¨Ö ¸ ∆N = +2); ´  É·¥-
ÉÓ¥³ ÔÉ ¶¥ Å ¶·µÍ¥¸¸ Ëµ·³¨·µ¢ ´¨Ö ¢Ò²¥É ÕÐ¥° ¸µ¸É ¢´µ° Î ¸É¨ÍÒ b ¢
¢ÒÌµ¤´µ³ ± ´ ²¥ ¨§ % ¢µ§¡Ê¦¤¥´´ÒÌ Î ¸É¨Í (% > F ) ¨ m ´Ê±²µ´µ¢ ´¨¦¥
Ê·µ¢´Ö ”¥·³¨ Ö¤·  A (m < F ) (Ë ±Éµ· Flm), ¨ § É¥³ Î ¸É¨Í  b ± ± Í¥²µ¥
¶·µ´¨± ¥É Î¥·¥§ ¶µÉ¥´Í¨ ²Ó´Ò° ¡ ·Ó¥· ¸ ®¢¥·µÖÉ´µ¸ÉÓÕ¯ Pb(εb) (Pb(εb) Å
Ë ±Éµ· ¶·µ´¨Í ¥³µ¸É¨).

‚ µÉ²¨Î¨¥ µÉ ’Œ�� ¨ ”ŠŠ ¢ �Œ‘Œ� ¶·¥¤¶µ² £ ¥É¸Ö, ÎÉµ µ¸´µ¢´µ°
¢±² ¤ ¢ ¸¥Î¥´¨Ö ¨´±²Õ§¨¢´ÒÌ ¶·Ö³ÒÌ ·¥ ±Í¨° ¸ ÊÎ ¸É¨¥³ ¸µ¸É ¢´ÒÌ Î ¸É¨Í
¶·¨ ¸·¥¤´¨Ì Ô´¥·£¨ÖÌ µ¶·¥¤¥²Ö¥É¸Ö ¢´ÊÉ·¥´´¥° (µ¡µ²µÎ¥Î´µ°) µ¡² ¸ÉÓÕ Ö¤· 
(¢Ò²¥É ÕÐaÖ ¸µ¸É ¢´ Ö Î ¸É¨Í  Ëµ·³¨·Ê¥É¸Ö ¨§ ´Ê±²µ´µ¢, ´ Ìµ¤ÖÐ¨Ì¸Ö ¢µ
¢´ÊÉ·¥´´¥° µ¡² ¸É¨ Ö¤· ). ‚ ’Œ�� ¨ ”ŠŠ ¶·Ö³ Ö ·¥ ±Í¨Ö ¸ ¸µ¸É ¢´Ò³¨
Î ¸É¨Í ³¨ · ¸¸³ É·¨¢ ¥É¸Ö ¢ ±² ¸É¥·´µ³ ¶·¨¡²¨¦¥´¨¨ (¸³. · §¤. 4, 6), Ì ·a±-
É¥·´µ³ ¤²Ö µ¡² ¸É¨ ´¨§±¨Ì Ô´¥·£¨° (Œˆ‚, ¶·Ö³µ¥ ¶µ¢¥·Ì´µ¸É´µ¥ ¢§ ¨³µ¤¥°-
¸É¢¨¥ ¸ ¢´¥Ï´¨³¨ ´Ê±²µ´ ³¨ Ö¤· , ¢±² ¤ ¢ ¸¥Î¥´¨¥ µ¶·¥¤¥²Ö¥É¸Ö ±² ¸É¥·´µ°
µ¡² ¸ÉÓÕ Ö¤· ).

� ¸¸³µÉ·¨³ Ê¸·¥¤´¥´´Ò¥ ±¢ ¤· ÉÒ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ÔËË¥±É¨¢-
´µ£µ NN -¢§ ¨³µ¤¥°¸É¢¨Ö V , ¢Ìµ¤ÖÐ¨¥ ¢ ‘Œ��-¸¥Î¥´¨Ö ((ε, k̂, s1, γ) →
(ε′, k̂′, s′2, γ

′) Å ¢´ÊÉ·¨Ö¤¥·´Ò¥ ¶¥·¥Ìµ¤Ò ¸ ∆N = +2). �µ¢Éµ·ÖÖ ¸Ì¥³Ê
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¢Ò¢µ¤  Ëµ·³Ê²Ò s² ÉÉ Äs¨¤¥´Ì ·´  ¤²Ö ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö ¢ É¥µ-
·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° [24], ¤²Ö Ê¸·¥¤´¥´´µ£µ ±¢ ¤· É  ³ É·¨Î´µ£µ Ô²¥³¥´É 
¢§ ¨³µ¤¥°¸É¢¨Ö V ¶µ²ÊÎ ¥³ Ë ±Éµ·¨§µ¢ ´´µ¥ ¢Ò· ¦¥´¨¥

〈|〈ε, k̂, γ|V |ε′, k̂′, γ′〉uu|2〉 = V̄ 2
uu(ε, ε

′)G(ε, k̂ → ε′, k̂′), (118)

£¤¥ Ê£²µ¢µ° Ë ±Éµ· ¢ ¸¨¸É¥³¥ ±µµ·¤¨´ É (k̂||0z) µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

G(ε, k̂→ε′, k̂′) =
1
4π

∑
L

(2L+ 1)aL(ε, ε′)PL(cos Θ′), (119)

¶·¨ ÔÉµ³

V̄ 2
uu(ε, ε

′) =
∑

s,s′l,l′,J

2J + 1
(2s1 + 1)(2s2 + 1)

×

× 〈|〈ε, γ, lsJ0|V |ε′, γ′, l′s′J0〉uu|2〉, (120)

∫
G(ε, k̂ → ε′, k̂′)dΩ′ = 1, a0(ε, ε′) = 1. (121)

‘µ£² ¸´µ ¢ÒÏ¥¶·¨¢¥¤¥´´Ò³ Ëµ·³Ê² ³ ¤²Ö ‘Œ��-¸¥Î¥´¨° ·¥ ±Í¨¨
(a, b)a, b = p, n ¶µ²ÊÎ¨³

d2σ1‘��a,b (ka,kb)
dεbdΩb

=

=
4π3

k2a
V̄ 2
uu(εa, εb)G

1‘��(εa, k̂a → εb, k̂b)�
(b)f
1 (U1 = Ea − Eb), (122)

£¤¥

G1‘��(εa, k̂a → εb, k̂b) =
∑
L

(2L+ 1)
4π

aL(εa, εb)PL(cos Θb), (123)

d2σ2‘��a,b (ka,kb)
dεbdΩb

=
4π3

k2a

∫
dε1
4π

V̄ 2
uu(εa, ε1)�

(b)f
1 (U1 = Ea − E1)×

× 2π2V̄ 2
uu(ε1, εb)�

(b)f
1 (U2 = E1 − Eb)G2‘��(εa, k̂a → εb, k̂b), (124)

£¤¥

G2‘��(εa, k̂a → εb, k̂b) =
∑
L

(2L+ 1)
4π

aL(εa, ε1)aL(ε1, εb)PL(cos Θb). (125)
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�´ ²µ£¨Î´Ò¥ Ëµ·³Ê²Ò ¨³¥ÕÉ ³¥¸Éµ ¤²Ö n‘�� (n > 2). ‚ ±µ´±·¥É´ÒÌ
‘Œ��-· ¸Î¥É Ì ¨¸¶µ²Ó§Ê¥É¸Ö ¶ · ³¥É·¨§ Í¨Ö ¤²Ö G‘Œ��(εa, k̂a → εb, k̂b),
¶·¥¤²µ¦¥´´ Ö ¢ [78], ²¨¡µ Ê£²µ¢µ° Ë ±Éµ· Gn‘��(εa, k̂a → εb, k̂b) (n =
1, 2, ...), ¶·¥¤²µ¦¥´´Ò° ¢ [79]. ‚ �Œ‘Œ� Ê¸·¥¤´¥´´Ò¥ ±¢ ¤· ÉÒ ³ É·¨Î´ÒÌ
Ô²¥³¥´Éµ¢ ¢§ ¨³µ¤¥°¸É¢¨Ö, o¶·¥¤¥²ÖÕÐ¨e ¢´ÊÉ·¨Ö¤¥·´Ò¥ ¶¥·¥Ìµ¤Ò:

{V̄ 2
ub(εa, Ea); V̄

2
bu(Ea, εb); V̄

2
bb(Ea)},

¢Ìµ¤ÖÉ ¢ ‘ŒŠ�-· ¸Î¥ÉÒ; {V̄ 2
uu(ε, ε′)} ¢Ìµ¤ÖÉ ¢ ‘Œ��-· ¸Î¥ÉÒ. „²Ö µÍ¥´±¨

{V̄ 2} ¨¸¶µ²Ó§Ê¥É¸Ö µ¤´µÎ ¸É¨Î´Ò° ¡ §¨¸ {ϕ(b)(r), ϕ(u)(k, r)} ¤²Ö µ¡² ¸É¨
r ≤ R (RÅ · ¤¨Ê¸ Ö¤· ), ¶·¨ ÔÉµ³ · ¤¨ ²Ó´ Ö Î ¸ÉÓ µ¤´µÎ ¸É¨Î´µ° ËÊ´±Í¨¨
±µ´É¨´ÊÊ³  ϕ(u)(k, r) ´µ·³¨·µ¢ ´  ´  δ-ËÊ´±Í¨Õ µÉ Ô´¥·£¨¨.

’µ£¤  R(u)
lj

(k, r) ¶·¨ r ≤ R ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¢ ¢¨¤¥ [72]:

R
(u)
lj (k, r)

√
m

�2k

{
1
π

[
R+

dδlj
dk

+
1
2k

sin (2kR+ δlj)
]}1/2

R
(u)
lj (r) =

= [�lj(ε)]1/2R
(u)
lj (r), (126)

£¤¥ R
(u)
lj (r) Å ¸² ¡µ § ¢¨¸ÖÐ Ö µÉ Ô´¥·£¨¨ ËÊ´±Í¨Ö (É¨¶  sin kr) ¸ Ê¸²µ-

¢¨¥³ ´µ·³¨·µ¢±¨
R∫
0

(R(u)
lj (r))2r2dr = 1; �lj(ε) Å ¶²µÉ´µ¸ÉÓ µ¤´µÎ ¸É¨Î´ÒÌ

¸µ¸ÉµÖ´¨° ±µ´É¨´ÊÊ³  ¢´ÊÉ·¨ Ö¤·  ¸ § ¤ ´´Ò³¨ l, j:

�lj =
m

�2kπ

[
R+

dδlj
dk

+
1
2k

sin (2kR+ δlj)
]
, (127)

¶·¨ ÔÉµ³ µ¤´µÎ ¸É¨Î´ Ö ¶²µÉ´µ¸ÉÓ ¸µ¸ÉµÖ´¨° ±µ´É¨´ÊÊ³  ¢´ÊÉ·¨ Ö¤· 

�R(ε) =
∑
l,j

(2j + 1)�lj(ε)  �(ε)(2sN + 1). (128)

�·¨ kR > 1 �lj(ε) 
[
mR

�2kπ

]1/2
, Éµ£¤ 

�R(ε) 
4πR3

3
(2sN + 1)2π(2m)3/2

ε1/2

(2π�)3
= �(ε)(2sN + 1). (129)

ˆ¸¶µ²Ó§ÊÖ (126)Ä(129), ¨§ (120) ¤²Ö V̄ 2
uu(ε, ε′) ¶µ²ÊÎae³

V̄ 2
uu(ε, ε

′) = �(ε)V̄ 2
uu(ε)�(ε

′)(2s′N + 1),

V̄ 2
uu(ε) =

V̄ 2
uu

(kR)2(2sN + 1)
,

(130)
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£¤¥ V̄ 2
uu ¶· ±É¨Î¥¸±¨ ´¥ § ¢¨¸¨É µÉ ε ¨ ε

′. CµµÉ¢¥É¸É¢¥´´µ ¤²Ö V̄ 2
ub(Ea, εa) ¨

V̄ 2
bu(Ea, εb) ¨³¥¥³

V̄ 2
ub(Ea, εa) = �(εa)V̄ 2

ub(Ea),

V̄ 2
ub(Ea) =

V̄ 2
bb

(kaR)2(2sN + 1)
,

V̄ 2
bu(Ea, εb) = V̄ 2

bb�(εb)(2sb + 1).

(131)

ˆ§ µÍ¥´±¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì · ¤¨ ²Ó´ÒÌ ¨´É¥£· ²µ¢ ¢ ¶·¨¡²¨¦¥´¨¨

R
(b)
lj (r)  R

(u)
lj (r) =

√
3
R3

1
r
, (132a)

V ≡ v(r1 − r2) =


v0

(
4πr03

3

)
δ(r1 − r2),

v0

(
4πr04

3

)
δ(r1 − r2)δ(r1 −R),

(132¡)

¤²Ö V̄ 2
uu ¨ V̄ 2

bb ¶µ²ÊÎ¨³ V̄ 2
uu, V̄

2
bb ∼

{
v20A

−6/3,

v20A
−8/3,

ÎÉµ ¶·¨¢µ¤¨É ± ¶ · ³¥É·¨-

§ Í¨¨ V̄ 2
uu(ε) ¨ V̄

2
ub(Ea)(kR > 1):

V̄ 2
uu(ε) ∼

{
v20ε

−1A−8/3,

v20ε
−1A−10/3,

V̄ 2
ub(Ea) ∼

{
v20E

−1
a A−8/3,

v20E
−1
a A−10/3,

(133)

£¤¥ v0 Å ¶µ¤£µ´µÎ´Ò° ¶ · ³¥É·.
„²Ö µ¶¨¸ ´¨Ö ‘ŒŠ� ¨ ‘Œ�� ´¥µ¡Ìµ¤¨³Ò ¶²µÉ´µ¸É¨ ±¢ §¨¸¢Ö§ ´´ÒÌ

�(b)(pn, hn, E) ¨ ´¥¸¢Ö§ ´´ÒÌ �(u)(pn, hn, E) ¶·µ³¥¦ÊÉµÎ´ÒÌ ¸µ¸ÉµÖ´¨°.
�²µÉ´µ¸É¨ ´¥¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨° ¶·µ³¥¦ÊÉµÎ´µ° ¸¨¸É¥³Ò, ¢ ±µÉµ·ÒÌ µ¤´ 
¨²¨ ¤¢¥ Î ¸É¨ÍÒ ´ Ìµ¤ÖÉ¸Ö ¢ ¸µ¸ÉµÖ´¨¨ ±µ´É¨´ÊÊ³  (�(ε) Å µ¤´µÎ ¸É¨Î´ Ö
¶²µÉ´µ¸ÉÓ ¸µ¸ÉµÖ´¨° ±µ´É¨´ÊÊ³  ¢ Ö¤·¥ (129)), µ¶·¥¤e²ÖÕÉ¸Ö ¢Ò· ¦¥´¨Ö³¨
(¢ ¶·¥¤¶µ²µ¦¥´¨¨ · §²¨Î¨³µ¸É¨ ´¥¸¢Ö§ ´´ÒÌ ¨ ¸¢Ö§ ´´ÒÌ Î ¸É¨Í) [73, 67]:

�(u)(1N , pn − 1, hn, E) =

E−BN (A)∫
0

dεN ×

× �(b)(pn − 1, hn, E −BN (A) − εN)2�(εN ),

�(u)(2N , pn − 2, hn, E) =

E−BN (A)−BN (A−1)∫
0

dE2 ×

× �(b)(pn − 2, hn, E −BN (A) −BN(A− 1)− E2)�(u)(2, E2),

(134)
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£¤¥

�(u)(2, E2) = 2

E2∫
0

dε12�(ε1)2�(E2 − ε1).

�·¨ ÔÉµ³ ¶µ²´ Ö ¶²µÉ´µ¸ÉÓ ¸µ¸ÉµÖ´¨° ¸ § ¤ ´´Ò³ Î¨¸²µ³ Ô±¸¨Éµ´µ¢

�(pn, hn, E) = 2�(u)(1N , pn − 1, hn, E) + �(u)(2N , pn − 2, hn, E) +

+ �(b)(pn, hn, E) = �(u)(pn, hn, E) + �(b)(pn, hn, E). (135)

” ±Éµ·Ò Ëµ·³¨·µ¢ ´¨Ö ¸µ¸É ¢´µ° Î ¸É¨ÍÒ É¨¶  b F
(u)
lm (εb) ¨ F

(b)
lm (εb)

(¸³. (102), (105), (104), (116)) ¶·¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¥³ Ê¸·¥¤´¥´¨¨ (¸³. · §¤. 4)
³µ¦´µ § ¶¨¸ ÉÓ ¢ ¢¨¤¥ [74]:

F
(u)
lm (εb) =

�(u)(l,m,Eb)∑b
l=1 �(l,m,Eb)

, F
(b)
lm (εb) =

�(b)(l,m,Eb)∑b
l=1 �(l,m,Eb)

(136)

¶·¨ Ê¸²µ¢¨¨ ´µ·³¨·µ¢±¨

b∑
l=1

Flm(εb) = 1, Flm(εb) = F
(u)
lm (εb) + F

(b)
lm (εb),

£¤¥
�(l,m,Eb) ≡ �(pn = l, hn = m,E = Eb, εF = ε0),

ε0 Å ¶µ¤£µ´µÎ´Ò° ¶ · ³¥É· ¤²Ö ¢Ò²¥É ÕÐ¥° Î ¸É¨ÍÒ É¨¶  b, ¸µµÉ¢¥É¸É¢ÊÕ-
Ð¨° Ô´¥·£¨¨ Ê·µ¢´Ö ”¥·³¨ ¢ ¶µ¢¥·Ì´µ¸É´µ° µ¡² ¸É¨ Ö¤·  ε0 = εF (∆R) 

11 ÷ 25 ŒÔ‚ (¢ µ¡Ð¥³ ¸²ÊÎ ¥
b∑
l=1

Flm(εb) = cb ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ± ±

¶µ¤£µ´µÎ´Ò° ¶ · ³¥É· (¸³. · §¤. 2)), ¶·¨Î¥³ ¡µ²ÓÏ¥³Ê §´ Î¥´¨Õ ε0 ¸µµÉ¢¥É-
¸É¢Ê¥É ¡µ²ÓÏ¥¥ Î¨¸²µ ´Ê±²µ´µ¢, ¨§ ±µÉµ·ÒÌm ´Ê±²µ´µ¢ ÊÎ ¸É¢ÊÕÉ ¢ ¶·µÍ¥¸¸¥
¶·Ö³µ£µ ¶µ¤Ì¢ É  (m-¶µ¤Ì¢ É).

„¥°¸É¢¨É¥²Ó´µ, ¥¸²¨ ¢¢¥¸É¨ Ê¸·¥¤´¥´´ÊÕ ¢¥·µÖÉ´µ¸ÉÓ Ëµ·³¨·µ¢ ´¨Ö ¸µ-
¸É ¢´µ° Î ¸É¨ÍÒ b (¨§ b ¢µ§¡Ê¦¤¥´´ÒÌ Î ¸É¨Í, ¶·¨ ÔÉµ³ Î ¸É¨ÍÒ µ¶·¥¤¥²¥´Ò
µÉ´µ¸¨É¥²Ó´µ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ±µ´¥Î´µ£µ Ö¤·  B|bp0h,Eb〉B , ¨²¨ (ÎÉµ
Ô±¢¨¢ ²¥´É´µ) ¨§ % ¢µ§¡Ê¦¤¥´´ÒÌ Î ¸É¨Í (% > F ) ¨ m ´Ê±²µ´µ¢, m < F (¨²¨
m ¤Ò·µ±), ¶·¨ ÔÉµ³ Î ¸É¨ÍÒ ¨ ¤Ò·±¨ µ¶·¥¤¥²¥´Ò µÉ´µ¸¨É¥²Ó´µ µ¸´µ¢´µ£µ
¸µ¸ÉµÖ´¨Ö Ö¤·  A(|lpmh,Eb〉A)), ¶·¨ Ê¸·¥¤´¥´¨¨ ¶µ ±µ´eÎ´Ò³ ¸µ¸ÉµÖ´¨Ö³
(¸³. · §¤. 4) ¢ ¶·¨¡²¨¦¥´¨¨ �(bp0h,Eb)B  �(lpmh,Eb)A ≡ �(l,m,Eb) ¤²Ö

Flm(εb) ¶µ²ÊÎ¨³ Flm(εb) ∼ Cb�(l,m,Eb). �·¨ ´µ·³¨·µ¢±e
b∑
l=1

Flm(εb) = 1

¤²Ö Flm(εb) ¶µ²ÊÎ¨³ ¸µµÉ´µÏ¥´¨Ö (136).
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‚ · ³± Ì �Œ‘Œ� ¶ ·Í¨ ²Ó´Ò¥ ¢±² ¤Ò µÉ · §²¨Î´ÒÌ ³´µ£µ¸ÉÊ¶¥´Î ÉÒÌ
³¥Ì ´¨§³µ¢ Ô³¨¸¸¨¨ ¢ Ô´¥·£¥É¨Î¥¸±¨¥ ¸¶¥±É·Ò ¢Ò²¥É ÕÐ¨Ì Î ¸É¨Í ¨§ ·¥-
 ±Í¨¨ (N, xb), £¤¥ N = p, n; b = N, d, t, 3He, α, µ¶·¥¤¥²ÖÕÉ¸Ö ¸²¥¤ÊÕÐ¨³¨
¢Ò· ¦¥´¨Ö³¨.

1. Œ´µ£µ¸ÉÊ¶¥´Î ÉÒ° ±µ³¶ Ê´¤-¶·µÍ¥¸¸ (µ¤¨´µÎ´µ¥ ¨¸¶Ê¸± ´¨¥):

‘ŒŠ�↑b ≡
r∑

n=1

b∑
l=1

m=b−l

∑
∆n=0,±1

[
dσnCŠ�N,b(l,m)(εN , εb)

dεb
=

=
2πVÖ
�vN

V̄ 2
ub(EN )�(b)+1 (EN )PN (εN )τ(n,EN )Γ↑(∆n)

n,b(l,m)(EN , εb)

]
, (137)

£¤¥

τ(n,EN ) =

[
n−1∏
k=1

Γ↓
k(EN )/Γk(EN )

]
/Γn(EN ), (138)

Γ↓
n(EN ) = 2πV̄ 2

bb(EN )�(b)+n (EN ), (139)

Γ↑(∆n)
n,b(l,m)(EN , εb) = 2πV̄ 2

bu(EN )�(b)f(∆n)n,b(l) (UB)×

× F
(b)
lm (εb)(2sb + 1)�b(εb)Pb(εb), (140)

¶·¨ ÔÉµ³ Γn(EN ) = Γ↓
n(EN )+Γ↑

n(EN ); Pb(εb)Å Ê¸·¥¤´¥´´ Ö ¶·µ´¨Í ¥³µ¸ÉÓ
(b = n, p, d, t, 3He, α):

Pb(εb) =
lbmax∑
lb=0

(2lb + 1)Plb(εb)
/ lbmax∑

lb=0

(2lb + 1), (141)

�b(εb) = VÖ2π(2mb)3/2
√
εb/(2π�)3, (142)

¶·¨Î¥³ pn = 2 + (n− 1); hn = 1 + (n− 1), n = 1, ..., r; VÖ = 4πR3/3.
2. Œ´µ£µ¸ÉÊ¶¥´Î ÉÒ° ¶·Ö³µ° ¶·µÍ¥¸¸ (µ¤¨´µÎ´µ¥ ¨¸¶Ê¸± ´¨¥):

‘Œ��↑b ≡
nmax∑
n=1

b∑
l=1

m=b−l

dσnC��N,b(l,m)(εN , εb)

dεb
=

=
2πVÖ
�vN

V̄ 2
uu(εN )PN (εN )[πV̄ 2

uu(εN )�2N (εN )]n−1 ×

× �
(b)f
n(l) (UB)F

(u)
lm (εb)(2sb + 1)�b(εb)Pb(εb). (143)
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�²µÉ´µ¸É¨ ±µ´¥Î´ÒÌ ¸µ¸ÉµÖ´¨° �(b)fn(l) (UB) µ¶·¥¤¥²ÖÕÉ¸Ö ¸µµÉ´µÏ¥´¨Ö³¨

�
(b)f
1(1)(UB) = �(b)(1, 1, UB),

�
(b)f
2(1)(UB) =

UB∫
0

dE1�
(b)(1, 1, UB − E1)�(b)(1, 1, E1),

�
(b)
3(1)(UB) =

UB∫
0

dE2�
(b)f
2(1)(UB − E2)�(b)(1, 1, E2).

(144)

�´ ²µ£¨Î´Ò¥ ¸µµÉ´µÏ¥´¨Ö ´¥É·Ê¤´µ ¶µ²ÊÎ¨ÉÓ ¤²Ö ²Õ¡ÒÌ n (n = 1, ..., nmax)
¨ l (l = 1, ..., b).

3.Œ´µ£µ¸ÉÊ¶¥´Î ÉÒ° ±µ³¡¨´¨·µ¢a´´Ò° ¶·µÍ¥¸¸ (µ¤¨´µÎ´µ¥ ¨¸¶Ê¸± ´¨¥):

‘Œ��→ ‘ŒŠ�↑b ≡

≡
nmax∑
n=1

∑
c=p,n

b∑
l=1

m=b−l

EN−Bc∫
0

dεc
�c(εc)
4π

dσnC��N,c (εN , εc)
dεc

∣∣∣∣∣
Pc(εc)

→ 1×

×W ↓
n(Ec)

r′∑
n′=1

∑
∆n′=0,±1

τ(n′, EN )Γ↑(∆n′)
n′,b(l,m)(EN , εb), (145)

£¤¥ W ↓
n(Ec) = 2π2V̄ 2

ub(Ec)�
(b)(2, 1, Ec), ¶·¨Î¥³ pn′ = 2 + n+ (n′ − 1), hn′ =

1 + n+ (n′ − 1).
4. Œ´µ¦¥¸É¢¥´´Ò° ¢ÒÌµ¤ (¨¸¶Ê¸± ´¨¥ ¤¢ÊÌ Î ¸É¨Í):

a) ‘ŒŠ�↑c=p,n→‘ŒŠ�↑b ≡

≡
∑
c=p,n

r∑
n=1

∑
∆n=0,±1

b∑
l=1

m=b−l

EN−Bc∫
0

dεc
dσ

nCŠ�(∆n)
N,c (εN , εc)

dεc
×

×
r′∑
n′

τ(n′, EN − Ec)
∑

∆n′=0,±1

Γ↑(∆n′)
n′,b(l,m)(EN − Ec, εb); (146a)

¡) ‘Œ��↑=n,p→‘ŒŠ�↑b ≡
∑
c=p,n

nmax∑
n=1

EN−Bc∫
0

dεc
dσn‘��N,c (εN , εc)

dεc
×

×
r′∑

n′=1

∑
∆n′=0,±1

τ(n′, EN − Ec)Γ
↑(∆n′)
n′,b(l,m)(EN − Ec, εb), (146¡)
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¶·¨Î¥³ pn′ = 1 + (n− 1) + (n′ − 1); hn′ = 1 + (n− 1) + (n′ − 1);

¢) ‘Œ��↑=p,n↑b ≡
∑
c=p,n

nmax∑
n=1

b∑
l=1

m=b−l

dσn‘��N,cb(l,m)(εN , εb)

dεb
=

=
2πV
�vN

PN (εN )[πV̄ 2
uu(εN )�2N (εN )]n−1�̃

(u)f
n(l) (U

′
B)×

× F
(u)
lm (εb)(2sb + 1)�b(εb)Pb(εb), (147)

£¤¥ �̃(u)fn(l) (U
′
B) µ¶·¥¤¥²ÖÕÉ¸Ö ¸µµÉ´µÏ¥´¨Ö³¨

�̃
(u)f
1(1) (U

′
B) = �̃(u)(1c, 0, 1, U ′

B),

�̃
(u)
2(1)(U

′
B) =

U ′
B∫

0

dE1�̃
(u)(1c, 0, 1, U ′

B − E1)�(b)(1, 1, E1) +

+

U ′
B∫

0

dE1�
(b)(1, 1, U ′

B − E1)�̃(u)(1c, 0, 1, E1),

�̃
(u)f
3(1) (U

′
B) =

U ′
B∫

0

dE2�̃
(u)f
2(1) (U

′
B − E2)�(b)(1, 1, E2) +

+

U ′
B∫

0

dE2�
(b)f
2(1)(U

′
B − E2)�̃(u)(1c, 0, 1, E2),

(148)

£¤¥ �̃(u)(1c, p−1, h, E) =

E−Bc∫
0

dεc�
(b)(p−1, h, E−Bc−εc)2�c(εc)Pc(εc), U ′

B =

EN − Eb. �´ ²µ£¨Î´Ò¥ ¸µµÉ´µÏ¥´¨Ö (148) ´¥É·Ê¤´µ ´ ¶¨¸ ÉÓ ¤²Ö ²Õ¡ÒÌ
n(n = 1, ..., nmax) ¨ l(l = 1, ..., b). �´ ²µ£¨Î´Ò¥ ¶µ ¸É·Ê±ÉÊ·¥ (147) ¢Ò· ¦¥-
´¨Ö µ¶¨¸Ò¢ ÕÉ Ô³¨¸¸¨Õ ¤¢ÊÌ Î ¸É¨Í (c, b) ´  ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¶µ¸²¥¤µ¢ -
É¥²Ó´ÒÌ ¸É ¤¨ÖÌ ‘Œ��:

‘Œ��↑c=p,n→CŒ��↑b.

Œ´µ¦¥¸É¢¥´´Ò° ¢ÒÌµ¤ (¨¸¶Ê¸± ´¨¥ É·¥Ì Î ¸É¨Í) µ¶¨¸Ò¢ ¥É¸Ö ¸²¥¤ÊÕÐ¨³¨
¸Ì¥³ ³¨ ¶·µÉ¥± ´¨Ö ³´µ£µ¸ÉÊ¶¥´Î Éµ° Ô³¨¸¸¨¨ (¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ Ëµ·³Ê²Ò



832 †ˆ‚��ˆ‘–…‚ ”.�., •“��‹‘“• C.

 ´ ²µ£¨Î´Ò ¶µ ¸É·Ê±ÉÊ·¥ (145)Ä(147)):

CM��↑c → CMŠ�↑b′ → CMŠ�↑b,

CMŠ�↑c → CMŠ�↑b′ → CMŠ�↑b,

CŒ��↑c → CŒ��↑b′ → CM��↑b, ¨ É. ¤.

�²µÉ´µ¸É¨ �
(b)f(∆n)
n,b(l) (U), ¢Ìµ¤ÖÐ¨¥ ¢ Γ↑(∆n)

b(l,m)(N,U) (¸³. Ëµ·³Ê²Ò ¤²Ö

CMŠ�↑ (137) ¨ CM�� → CMŠ�↑ (145), ¶·¨ ÔÉµ³ U = Ea − Eb; Ëµ·-
³Ê²Ò ¤²Ö CMŠ�↑ → CMŠ�↑ (146 ) ¨ CM��↑ → CMŠ�↑ (146¡), ¶·¨ ÔÉµ³
U = Ea −Eb′ −Eb), µ¶·¥¤¥²ÖÕÉ¸Ö ¸µµÉ´µÏ¥´¨Ö³¨,  ´ ²µ£¨Î´Ò³¨ ¶µ ¸É·Ê±-
ÉÊ·¥ ¸µµÉ´µÏ¥´¨Ö³, ¶·¨¢¥¤¥´´Ò³ ¢ [28Ä30]:

�
(b)f+
n(b(l)(U) =

1
�(b)(pn, hn, E)

×

×


U∫
0

dE1�
(b)(pn − l, hn, E1)�(b)(l, 0, E − E1)�(b)(1, 1, U − E1)+

+

U∫
0

dE′
1�

(b)(pn − l + 1, hn − 1, E′
1)�

(b)(l − 1, 1, E − E′
1)�

(b)(0, 2, U − E′
1)

 ,

�
(b)f0
n,b(l)(U) =

1
�(pn, hn, E)


U∫
0

dE1�
(b)(pn − l − 1, hn, E1)× (149a)

×�(b)(l + 1, 0, E − E1)�(b)(1, 0, U − E1) +

+

U∫
0

dE′
1�

(b)(pn − l, hn − 1, E′
1)�

(b)(l, 1, E − E′
1)�

(b)(0, 1, U − E′
1)

 ,

�
(b)f−
n,b(l) (U) =

�(b)(pn − l− 1, hn − 1, U)�(b)(l + 1, 1, E − U)
�(pn, hn, E)

.

�²µÉ´µ¸É¨ {�(b)(p, h, E)}, ¢Ìµ¤ÖÐ¨¥ ¢ ¢Ò· ¦¥´¨Ö ¤²Ö �(b)f(∆n)n,b(l) (U) (149a),

�
(b)f
n(l) (U) (144) ¨ �̃(u)fn(l) (U) (148), ¢ÒÎ¨¸²ÖÕÉ¸Ö ¶µ Ëµ·³Ê²¥ [32]:

�(b)(p, h, E) =
gp+h

p!h!(p+ h− 1)!

p∑
i=0

h∑
j=0

(−1)i+j
p!

i!(p− i)!
h!

j!(h− j)!
×

× (E −Aph − iS0 − jεF )p+h+1H(E − αph − iS0 − jεF ), (149¡)
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£¤¥ g = A/13 ŒÔ‚−1; Aph = (p2 + h2p− 3h)/4g; αph = (p2 + h2 + p− h)/2g;
εF = 40 ŒÔ‚ (¢´ÊÉ·¥´´ÖÖ (µ¡µ²µÎ¥Î´ Ö) µ¡² ¸ÉÓ Ö¤· ); εF = 11 ÷ 25 ŒÔ‚
(¶µ¢¥·Ì´µ¸É´ Ö µ¡² ¸ÉÓ Ö¤· ); S0 = BN  7 ŒÔ‚ (¶·¨ ÊÎ¥É¥ Éµ²Ó±µ ¸¢Ö§ ´-
´ÒÌ µ¤´µÎ ¸É¨Î´ÒÌ ¸µ¸ÉµÖ´¨°), S0  15÷20ŒÔ‚ (¶·¨ ÊÎ¥É¥ ±¢ §¨¸¢Ö§ ´´ÒÌ
(±¢ §¨¤¨¸±·¥É´ÒÌ) ¸µ¸ÉµÖ´¨°).

‚ ¢ÒÎ¨¸²¥´¨¨ ¶²µÉ´µ¸É¥°

{�(u)(pn, hn, E), �(b)(pn, hn, E), �(b)f(∆n)n,b(l) (U), �(b)n(l)(U)}

³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ·¥ ²¨¸É¨Î¥¸±¨¥ ¸Ì¥³Ò µ¤´µÎ ¸É¨Î´ÒÌ ¸µ¸ÉµÖ´¨° ¢ µ¡µ-
²µÎ¥Î´µ³ ¶µÉ¥´Í¨ ²¥,   É ±¦¥ ÊÎ¥¸ÉÓ · §¤¥²¥´¨¥ Î ¸É¨Í ¨ ¤Ò·µ± ´  ¶·µÉµ´Ò
¨ ´¥°É·µ´Ò [75Ä77].

‚¢¥¤¥´¨¥ ¶ · ³¥É·¨§µ¢ ´´ÒÌ ¡²µ±µ¢ {V̄ 2
uu, V̄

2
ub; V̄

2
bb}; {Flm}; {G(εa, k̂a →

εb, k̂b} ¢ ±¢ ´Éµ¢µ-¶µ²¥¢µ³ Ëµ·³ ²¨§³¥ CMŠ�+CM�� ¶·¨¢µ¤¨É ± ¶µ²ÊË¥-
´µ³¥´µ²µ£¨Î¥¸±¨³ · ¸Î¥É ³ ¨, ¸²¥¤µ¢ É¥²Ó´µ, ± µ¡µ¡Ð¥´´µ° ³µ¤¥²¨ ¸É É¨-
¸É¨Î¥¸±¨Ì ³´µ£µ¸ÉÊ¶¥´Î ÉÒÌ Ö¤¥·´ÒÌ ·¥ ±Í¨°, ¢ ±µÉµ·µ° ¸µÎ¥É ÕÉ¸Ö ¸¨²Ó-
´Ò¥ ¸Éµ·µ´Ò ±¢ ´Éµ¢µ-¶µ²¥¢µ£µ ¶µ¤Ìµ¤  ¨ µÉ´µ¸¨É¥²Ó´ Ö ¶·µ¸ÉµÉ  ¢ÒÎ¨¸²¥-
´¨° (¸· ¢´¨³ Ö ¸ ¶·µ¸ÉµÉµ° ¢ÒÎ¨¸²¥´¨° ¢ Ë¥´µ³¥´µ²µ£¨Î¥¸±µ° Ô±¸¨Éµ´´µ°
³µ¤¥²¨ (¸³. · §¤. 2)).

� ¸Î¥ÉÒ ¸¥Î¥´¨° ·¥ ±Í¨°, ¶·µ¢¥¤¥´´Ò¥ ¢ Ëµ·³ ²¨§³¥ ”ŠŠ (¢ ³¥Éµ¤¥ ¨¸-
± ¦¥´´ÒÌ ¢µ²´) ¨ ¢ Ô±¸¨Éµ´´µ° ³µ¤¥²¨, ¶µ± § ²¨, ÎÉµ ¢ÒÎ¨¸²¥´´Ò¥ Ê£²µ¢Ò¥
· ¸¶·¥¤¥²¥´¨Ö ¨ Ê£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö, µ¶·¥¤¥²Ö¥³Ò¥ ¶ · ³¥É·¨§ Í¨¥° [78],
¶· ±É¨Î¥¸±¨ ¸ µ¤¨´ ±µ¢µ° ¸É¥¶¥´ÓÕ ÉµÎ´µ¸É¨ µ¶¨¸Ò¢ ÕÉ Ô±¸¶¥·¨³¥´É ²Ó-
´Ò¥ ¤ ´´Ò¥ [80Ä82], ÎÉµ ¨ µ¶·¥¤¥²Ö¥É Ï¨·µ±µ¥ ¨¸¶µ²Ó§µ¢ ´¨¥ ¶ · ³¥É·¨§ -
Í¨¨ [78] ¢ ¢ÒÎ¨¸²¥´¨ÖÌ CM��.

�·¨³¥· 1. �´ ²¨§ ·¥ ±Í¨¨ (n, xn′) ¶·¨ εn = 8 ÷ 26 ŒÔ‚ ¢ · ³± Ì
Ô±¸¨Éµ´´µ-Ëµ´µ´´µ° ³µ¤¥²¨ CMŠ�+ ‘Œ�� [71, 83].

‚ �Œ‘Œ� ¢±² ¤ ‘ŒŠ� ¢ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ A(N, xN ′)B µ¶·¥¤¥²Ö¥É¸Ö

¢Ò· ¦¥´¨¥³ (137) ¸ § ³¥´µ° b → N ′, F
(b)
lm → 1. �¸´µ¢´Ò¥ ¶ ·Í¨ ²Ó´Ò¥

¢±² ¤Ò 1‘�� ¨ 2‘�� (c ¨§³¥´¥´¨¥³ Î¨¸²  Ô±¸¨Éµ´µ¢ ∆N = +2 ¨ Ëµ´µ´µ¢
∆NË = +1) µ¶·¥¤¥²ÖÕÉ¸Ö ¢Ò· ¦¥´¨Ö³¨

dσn‘��N,N ′ (εN , εN ′)
dεN ′

=
∑
[βn]

m2
NV

2
Ö

(2π�2)2
4π
(
kN ′

kN

)
(2sN ′ + 1)×

×W [βn]PN (εN )PN ′(εN ′), n = 1, 2, (150)

[β1] = [Ô], [Ë]:

W [1Ô] = RN,N ′(2sN + 1)−1(kNR)−2[V̄ 2
uu(Ô)g

2]UB,

W [1Ë] = (2sN + 1)−1(kNR)−2

[∑
λ

β̂2λV̄
2
uu(Ë)δ(UB − wλ)

]
,

(151)
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[β2] = [2Ô], [ÔË], [ËÔ], [2Ë]:

W [2Ô] =

 ∑
b′=p,n

RN,b′Rb′,N ′

×

× (2sN + 1)−1(kNR)−2[V̄ 2
uu(Ô)g

2]2U3
B/3!Q(r0, A),

W [2Ë] = (2sN + 1)−1(kNR)−2 ×

×

∑
λ,λ′

(β̂2λV̄
2
uu(Ë))(β̂

2
λ′ V̄ 2

uu(Ë))Q(r0, A)δ(UB − wλ − wλ′ )

 ,
W [1Ô1Ë] = RN,N ′(2sN + 1)−1(kNR)−2[V̄ 2

uu(Ô)g
2]×

×
[∑

λ

β̂′
λV̄

2
uu(Ë)δ(UB − wλ)Q(r0, A)

]
,

(152)

�¨¸. 13. ‘¶¥±É· Ô³¨¸¸¨¨ ¨§ ·¥ ±Í¨° 127I(n, xn′) ¶·¨ εn = 18, 0 ŒÔ‚ (a), 94Zr(n, xn′),
εn = 14, 1 ŒÔ‚ (¡) ¨ 209Bi(n, xn′), εn = 25, 7 ŒÔ‚ (¢). ‘¢¥É²Ò¥ ¨ É¥³´Ò¥ ÉµÎ±¨ ¨
±·¥¸É¨±¨ Å Ô±¸¶¥·¨³¥´ÉÒ; ±·¨¢ Ö ¸ ±µ·µÉ±¨³¨ ÏÉ·¨Ì ³¨ Å ¢±² ¤ [1Ô]; ÉµÎ¥Î´Ò¥
±·¨¢Ò¥ Å ¢±² ¤Ò [1Ë] (vib), [2Ë] (2 vib); ÏÉ·¨xµ¢ Ö Å ‘Œ�� (1‘��+2‘��); ±·¨-
¢ Ö ¸ ¤²¨´´Ò³¨ ÏÉ·¨Ì ³¨ Å ‘ŒŠ�; ÏÉ·¨Ì¶Ê´±É¨·´Ò¥ Å ‘Œ��+‘ŒŠ� (¨¸¶Ê¸-
± ´¨¥ µ¤´µ£µ ´¥°É·µ´ ), ‘Œ��+‘ŒŠ� (¨¸¶Ê¸± ´¨¥ ¤¢ÊÌ ´¥°É·µ´µ¢); ¸¶²µÏ´ Ö Å
¸Ê³³ ·´Ò° ¢±² ¤ ‘Œ��+‘ŒŠ�+³´µ¦¥¸É¢¥´´ Ö ‘ŒŠ�-Ô³¨¸¸¨Ö
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£¤¥

RN,N ′ = δN,N ′

[
N2 + Z2

A2

]
+ (1− δN,N ′)

[(
N

A

)2
δN ′,n +

(
Z

A

)2
δN ′,p

]
,

Q(r0, A) =
π�2(ε)
2(kR)2

= 4, 12 · 10−5r40A
4/3 (ŒÔ‚2), β̂2λ =

β2λ
4π(2λ+ 1)

,

g = A/13 ŒÔ‚−1; βλ Å ¶ · ³¥É· ¤¥Ëµ·³ Í¨¨; λ ¨ ωλ Å ³Ê²ÓÉ¨¶µ²Ó´µ¸ÉÓ
¨ Ô´¥·£¨Ö Ëµ´µ´ ; PN (εN ) Å Ê¸·¥¤´¥´´ Ö ¶·µ´¨Í ¥³µ¸ÉÓ:

PN (εN ) =
[

σ�ŒN (εN )
σ�Œn (εn = εN )

]
(1 − exp (−εN/C0)),

σ�ŒN (εN ) Å ¸¥Î¥´¨¥ ·¥ ±Í¨¨ ¢ µ¶É¨Î¥¸±µ° ³µ¤¥²¨; C0  1 ŒÔ‚; N = p, n.
Šµ´±·¥É´Ò¥ · ¸Î¥ÉÒ ¢Ò¶µ²´¥´Ò ¶·¨ ¢Ò¡µ·¥ ¶ · ³¥É·µ¢ (¸³. (130)Ä(133)

¤²Ö ¶µ¢¥·Ì´µ¸É´ÒÌ δ-¸¨²)

V̄ 2
uu(Ô) = V̄ 2

bb, V̄
2
uu(Ë) = V 2

0 , V0 = 48 ŒÔ‚,

V̄ 2
bb = v20A

−8/3, r0 = 1, 4 Ë³, v0 = 19, 4 ŒÔ‚.

�¨¸. 14. ‘¶¥±É· Ô³¨¸¸¨¨ ¨§ ·¥ ±Í¨° 58Ni(p, xn) (a) ¨ 209Bi(p, xn) (¡) ¶·¨ εp =
90 ŒÔ‚. ’µÎ±¨ Å Ô±¸¶¥·¨³¥´É [85]; 1 Å ¸Ê³³ ·´Ò° ¢±² ¤ ‘Œ�� + ‘Œ��; 2 Å
¢±² ¤ (1‘�� ([1Ô]); 3 Å ¢±² ¤ 2‘�� ([2Ô]); 4 Å ¢±² ¤ 3‘�� ([3Ô]); 5 Å ¢±² ¤
(2 + 3)‘�� = [ÔË] = 2[ÔË] + 3[2ÔË] + 3[2ËÔ]; 6 Å ¢±² ¤ ‘Œ�� → ‘ŒŠ� (x = 1);
7 Å ¢±² ¤ ‘Œ��→ ‘ŒŠ� (x ≥ 2)
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�¨¸. 15. †¥¸É± Ö Î ¸ÉÓ ¶·µÉµ´´µ£µ ¸¶¥±É·  ¢ ·¥ ±Í¨¨ (p, p′) ´  Ö¤·¥ 209Bi (a) ¨
58Ni (¡) ¸ ´ Î ²Ó´µ° Ô´¥·£¨¥° εp = 90 ŒÔ‚: 1 Å ¢±² ¤ µ¤´µËµ´µ´´ÒÌ ¸µ¸ÉµÖ´¨°
(1Ë) ¢ 1‘��; 2 Å ¢±² ¤ ¤¢ÊÌËµ´µ´´ÒÌ ¸µ¸ÉµÖ´¨° (2Ë) ¢ 2‘��; 3 Å ¢±² ¤ 1p1h-
¸µ¸ÉµÖ´¨° (1Ô) ¢ 1‘��; 4 Å ¢±² ¤ 2p2h-¸µ¸ÉµÖ´¨° (2Ô) ¢ 2‘��; 5 Å ¢±² ¤ 3p3h-
¸µ¸ÉµÖ´¨° (3Ô) ¢ 3‘��; 6 Å ¢±² ¤ 2p2h ¨ Ëµ´µ´µ¢ ¢ 2‘�� (2ÔË); 7 Å ¸Ê³³ ·´Ò°
¸¶¥±É· ¶·µÉµ´µ¢ (‘Œ��); 8 Å Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ [89]

‚ · ¸Î¥É Ì ÊÎ¨ÉÒ¢ ²¸Ö ¢±² ¤ Ëµ´µ´µ¢ 2+1 ¨ 3−1 . ˆ§ ¸É·Ê±ÉÊ·Ò ¶·¨¢¥¤¥´-
´ÒÌ Ëµ·³Ê² ¤²Ö ‘ŒŠ� (¸³. (137)) ¸²¥¤Ê¥É, ÎÉµ ¸¶¥±É·Ò ‘ŒŠ�-Ô³¨¸¸¨¨
´¥ § ¢¨¸ÖÉ µÉ V̄ 2

bb(EN ),   µ¶·¥¤¥²ÖÕÉ¸Ö Éµ²Ó±µ V̄ 2
ub(EN ), ¶µÔÉµ³Ê ¢ · ¸Î¥É Ì

¶µ² £ ¥É¸Ö V̄ 2
bb(EN ) = V̄ 2

ub(EN ). �·¨ µ¶¨¸ ´¨¨ ³Ö£±µ° Î ¸É¨ ¸¶¥±É·µ¢ Ô³¨¸-
¸¨¨ ÊÎ¨ÉÒ¢ ²¸Ö ¢±² ¤ Ô³¨¸¸¨¨ (n, 2n), (n, pn) ¨ É. ¤. (¸³. (146)). �¥§Ê²ÓÉ ÉÒ
· ¸Î¥Éµ¢ ¶·¨¢¥¤¥´Ò ´  ·¨¸. 13.

�·¨³¥· 2. �´ ²¨§ ·¥ ±Í¨° (p, xp′) ¶·¨ εp = 62, 90 ŒÔ‚ ´  Ö¤· Ì 54Fe,
60Ni ¨ 209Pb [84], (p, xn) ¶·¨ εp = 90 ŒÔ‚ ´  Ö¤· Ì 58Ni, 90Zr ¨ 209Bi [85] ¢
�Œ‘Œ�. �·¨ Ô´¥·£¨¨ εp > 30 ŒÔ‚ ´¥µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ (¸³. (149)Ä(151))
¤µ¶µ²´¨É¥²Ó´µ ¶ ·Í¨ ²Ó´Ò¥ ¢±² ¤Ò

3‘�� : [3Ô], [2ÔË] = [Ë2Ô] = [ÔËÔ], [Ô2Ë] = [2ËÔ] = [ËÔË], [3Ë],

‘Œ��→ ‘ŒŠ�↑ =
3∑

n=1

[nÔ] → ‘ŒŠ�↑.

‘¥Î¥´¨¥ ‘Œ��→CŒŠ�↑ µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³ (145) ¸ § ³¥´µ°

N → p; b → n ¨²¨ p′, ¶·¨ ÔÉµ³ F
(b)
lm → 1. ˆ¸¶µ²Ó§o¢a²a¸Ó ¶ · ³¥É·¨§ -

Í¨Ö ¤²Ö V̄ 2
bb = k0A

−7/3/5, 3 (¸³. (130)Ä(133)), £¤¥ k0 = 350÷ 430 ŒÔ‚2 (¶·¨
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30 ≤ εp ≤ 100 ŒÔ‚). Šµ´±·¥É´Ò¥ · ¸Î¥ÉÒ ¢Ò¶µ²´¥´Ò ¤²Ö k0 = 400 ŒÔ‚;
¶²µÉ´µ¸É¨ �

(b)f∆n
n (UB), �

(b)+
n (Ep) ¢ÒÎ¨¸²Ö²¨¸Ó ¶µ Ëµ·³Ê² ³, ¶·¨¢¥¤¥´´Ò³

¢ [71] ¨ [84]. �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ¸¶¥±É·µ¢ ´¥°É·µ´µ¢ ¢ ·¥ ±Í¨¨ (p, xn)
¶·¨ εp = 90 MÔ‚ [85] ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 14. 
  ·¨¸. 15, 16 ¶·¨¢¥¤¥´Ò

�¨¸. 16. „¢ ¦¤Ò ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥
¸¥Î¥´¨Ö p¥ ±Í¨¨ (p, p′) ´  Ö¤·¥ 58Ni
¶·¨ Ô´¥·£¨¨ εp = 90 ŒÔ‚ ¨ Θp′ =
30, 60 ¨ 90◦. Š·¨¢Ò¥ Å ¸Ê³³ ·´Ò°
¢±² ¤ 1‘��+2‘��+3‘��; ÉµÎ±¨ Å
Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ [84]

· ¸Î¥ÉÒ ¶·µ³¥¦ÊÉµÎ´µ° ¨ ¦¥¸É±µ° Î -

¸É¥° ¸¶¥±É·µ¢

(
dσ

dεp′

)
,

(
d2σ

dεp′dΩp′

)
¶·¨

¤ ´´µ³ Θp′ ¢ ·¥ ±Í¨¨ (p, p′) ´  Ö¤·¥
54Fe ¶·¨ εp = 62 ŒÔ‚, ´  Ö¤·¥ 58Ni
¶·¨ εp = 90 ŒÔ‚ ¨ ´  Ö¤·¥ 209Bi
¶·¨ εp = 90 MÔ‚ [84], ¶·¨ ÔÉµ³ ¤¢ -
¦¤Ò ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ·¥ ±-
Í¨¨ (p, p′) (¢±² ¤ ‘Œ��) · ¸¸Î¨ÉÒ¢ -
²¨¸Ó ¸ Ê£²µ¢Ò³ Ë ±Éµ·µ³, ¶·¥¤²µ¦¥´´Ò³
¢ [78].

�·¨³¥·. 3. �´ ²¨§ ·¥ ±Í¨¨ 54Fe(p, d)
¶·¨ εp = 62 ŒÔ‚ ¢ �Œ‘Œ� [86]. „¢ -
¦¤Ò ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ n‘��-¸¥Î¥´¨Ö
·¥ ±Í¨¨ (p, d) · ¸¸Î¨ÉÒ¢ ²¨¸Ó ¤²Ö ¶¥·¥-
Ìµ¤µ¢ ∆N = 2 ¶µ Ëµ·³Ê² ³ (143) ¸ § -
³¥´µ° N → p, b → d. �´ ²µ£¨Î´Ò¥
Ëµ·³Ê²Ò ¨³¥ÕÉ ³¥¸Éµ ¨ ¶·¨ ÊÎ¥É¥ ¶¥-
·¥Ìµ¤µ¢ ¸ ∆NË = +1. “£²µ¢µ° Ë ±Éµ·
Gn‘��(Ωp → Ωd) · ¸¸Î¨ÉÒ¢ ²¸Ö ¶µ Ëµ·-
³Ê²¥ (125) ¸ ´ Î ²Ó´Ò³ Ê£²µ¢Ò³ · ¸¶·¥-
¤¥²¥´¨¥³ ¢¨¤a

G(0 → Ωp1) = cos Θp1H
(
π/2−Θp1

π

)
.

” ±Éµ·Ò Ëµ·³¨·µ¢ ´¨Ö F (u)
20 (εd) = F20(εd) ¨ F

(u)
11 (εd) = F11(εd), ¶·¨ ÔÉµ³

F20(εd) ¨ F11(εd) ¡· ²¨¸Ó ¨§ · ¡µÉÒ [16]; V̄ 2
bb = k0A

−7/3/5, 3 (¸³. ¶·¨³¥· 2).

  ·¨¸. 17, aÄ¢ ¶µ± § ´Ò ¶ ·Í¨ ²Ó´Ò¥ ¢±² ¤Ò ³¥Ì ´¨§³µ¢ Ëµ·³¨·µ¢ ´¨Ö

¤¥°É·µ´  (±µ ²¥¸Í¥´Í¨Ö ¨ ¶µ¤Ì¢ É) ¢ ‘Œ��-¸¥Î¥´¨¥ ·¥ ±Í¨¨ (p, d).
�´ ²¨§ ¶µ± §Ò¢ ¥É ¢ ¦´µ¸ÉÓ ÊÎ¥É  ¢±² ¤µ¢ 2‘�� ¨ 3‘�� (¸ ∆N = +2 ¨

∆NË = +1). „µ³¨´¨·ÊÕÐ¨³ ³¥Ì ´¨§³µ³ Ëµ·³¨·µ¢ ´¨Ö ¤¥°É·µ´  Ö¢²Ö¥É¸Ö
³¥Ì ´¨§³ ¶·Ö³µ£µ ¶µ¤Ì¢ É .

�·¨¢¥¤¥´´Ò¥ ¢ÒÏ¥ ¶·¨³¥·Ò ¶µ¤É¢¥·¦¤ ÕÉ ¸¶· ¢¥¤²¨¢µ¸ÉÓ µ¡µ¡Ð¥´´µ°
³µ¤¥²¨ ¸É É¨¸É¨Î¥¸±¨Ì ³´µ£µ¸ÉÊ¶¥´Î ÉÒÌ Ö¤¥·´ÒÌ ·¥ ±Í¨°, ¢ · ³± Ì ±µÉµ-
·µ° ¢µ§³µ¦¥´ ¶µ¸²¥¤µ¢ É¥²Ó´Ò° ¨ ±µ²¨Î¥¸É¢¥´´Ò°  ´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó-
´ÒÌ Ô´¥·£¥É¨Î¥¸±¨Ì ¨ Ê£²µ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ¢Éµ·¨Î´ÒÌ Î ¸É¨Í ¤²Ö Ï¨·µ-
±µ£µ ±² ¸¸  Ö¤¥·´ÒÌ ·¥ ±Í¨° ((a, xb), a = γ, π−, µ−, p, n; b = γ, n, p, d, t,
3He, α), Ï¨·µ±µ£µ ¤¨ ¶ §µ´  Ö¤¥· ¨ Ô´¥·£¨° ¶·¨ µÉ´µ¸¨É¥²Ó´µ° ¶·µ¸ÉµÉ¥
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�¨¸. 17. ‘· ¢´¥´¨¥ ¸ Ô±¸¶¥·¨³¥´Éµ³ ¤²Ö 54Fe (p, d) ¶·¨ εp = 62 ŒÔ‚ · ¸Î¥É´ÒÌ
¢±² ¤µ¢ ¶µ¤ Ê£²µ³ Θd = 30 ◦ (a), 90 ◦ (¡), 120 ◦ (¢) ¢ ¸¥Î¥´¨¨ (d2σp,d)/(dεddΩd):
ÉµÎ±¨ Å Ô±¸¶¥·¨³¥´É; ÏÉ·¨Ìµ¢ Ö ±·¨¢ Ö Å ¢±² ¤ ³¥Ì ´¨§³  ¶µ¤Ì¢ É ; ÏÉ·¨Ì¶Ê´±-
É¨·´ Ö Å ¢±² ¤ ³¥Ì ´¨§³  ±µ ²¥¸Í¥´Í¨¨; ¸¶²µÏ´ Ö Å ¶µ²´µ¥ · ¸Î¥É´µ¥ ¸¥Î¥´¨¥
‘Œ��. �·¥¢ÒÏ¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨° ´ ¤ · ¸Î¥É´Ò³¨ ¢ ³Ö£±µ° Î ¸É¨
¸¶¥±É·  ¸¢Ö§ ´µ ¸ ¢±² ¤µ³ ‘ŒŠ� (¢)

¢ÒÎ¨¸²¥´¨° ¢±² ¤µ¢ ¢ ¸¥Î¥´¨Ö µÉ · §²¨Î´ÒÌ ³´µ£µ¸ÉÊ¶¥´Î ÉÒÌ ³¥Ì ´¨§³µ¢:

‘ŒŠ�↑, ‘Œ��↑, ‘Œ��→ ‘ŒŠ�↑,

‘Œ��↑↑, CŒ��↑ → ‘ŒŠ�↑,

‘ŒŠ�↑ → ‘ŒŠ�↑ [84−92].

‡�Š‹D—…�ˆ…

� ¸¸³µÉ·¥´´Ò¥ ¢ ¤ ´´µ³ µ¡§µ·¥ ±¢ ´Éµ¢Ò¥ ¶µ¤Ìµ¤Ò (’Œ��, ”ŠŠ,
�Œ‘Œ�) ¤²Ö  ´ ²¨§  Ö¤¥·´ÒÌ ·¥ ±Í¨° ¶·¨ ´¨§±¨Ì ¨ ¸·¥¤´¨Ì Ô´¥·£¨ÖÌ ¶µ§¢µ-
²ÖÕÉ µ¶¨¸ ÉÓ · §²¨Î´Ò¥ ³¥Ì ´¨§³Ò ·¥ ±Í¨° ¤²Ö Ï¨·µ±µ£µ ¤¨ ¶ §µ´  Ô´¥·-
£¨°, Ö¤¥· ¨ µ¡· §ÊÕÐ¨Ì¸Ö Î ¸É¨Í, ±µ£¤  ¢¥²¨±µ Î¨¸²µ µÉ±·ÒÉÒÌ ± ´ ²µ¢
¨ ¶·µ³¥¦ÊÉµÎ´ÒÌ ¸µ¸ÉµÖ´¨°. ‚ ³µ¤¨Ë¨Í¨·µ¢a´´µ³ Ëµ·³ ²¨§³¥ ‘ŒŠ� +
‘Œ�� ÊÎÉ¥´Ò:

1) ¢´ÊÉ·¨Ö¤¥·´Ò¥ ¶¥·¥Ìµ¤Ò P → Q (‘Œ�� → ‘ŒŠ�) (±µ³¡¨´¨·µ¢ ´-
´Ò° ³¥Ì ´¨§³ ³´µ£µ¸ÉÊ¶¥´Î Éµ£µ ¶·µÍ¥¸¸ );
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2) ³´µ¦¥¸É¢¥´´Ò° ¢ÒÌµ¤ (³´µ¦¥¸É¢¥´´ Ö ‘ŒŠ�-Ô³¨¸¸¨Ö, ³´µ¦¥¸É¢¥´-
´ Ö ‘Œ��-Ô³¨¸¸¨Ö);

3) ±µ²²¥±É¨¢´Ò¥ ÔËË¥±ÉÒ (¢µ§¡Ê¦¤¥´¨¥ Ëµ´µ´µ¢ ¢ ‘Œ��);
4) · §¤¥²¥´¨¥ ´  ¶·µÉµ´Ò ¨ ´¥°É·µ´Ò (¤¢ÊÌ±µ³¶µ´¥´É´Ò° Ëµ·³ ²¨§³

‘ŒŠ�+ ‘Œ��);
5) Ô³¨c¸¨Ö ¸µ¸É ¢´ÒÌ Î ¸É¨Í (³¥Ì ´¨§³ Ëµ·³¨·µ¢ ´¨Ö ¸µ¸É ¢´µ° Î -

¸É¨ÍÒ ¢ ¢ÒÌµ¤´µ³ ± ´ ²¥).
�¸µ¡ÊÕ ¶·¨¢²¥± É¥²Ó´µ¸ÉÓ ¨³¥ÕÉ É¥ ¢ ·¨ ´ÉÒ ¶µ¤Ìµ¤µ¢, ¢ · ³± Ì ±µÉµ-

·ÒÌ Ê¤ ¥É¸Ö ´ °É¨ Ê¤ Î´Ò¥ Ê¶·µÐ¥´¨Ö, ¤ ÕÐ¨¥ ¢µ§³µ¦´µ¸ÉÓ ±µ²¨Î¥¸É¢¥´´µ£µ
µ¶¨¸ ´¨Ö · §´µ¸Éµ·µ´´¥£µ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ³ É¥·¨ ² , µ¸µ¡¥´´µ ¶·¨ µ¶¨-
¸ ´¨¨ ·¥ ±Í¨° ¸ ÊÎ ¸É¨¥³ ¸µ¸É ¢´ÒÌ Î ¸É¨Í, ¨ ¢µ§³µ¦´µ¸ÉÓ ¢ÒÖ¢²¥´¨Ö Ë¨-
§¨Î¥¸±¨ µ¡µ¸´µ¢ ´´ÒÌ § ±µ´µ³¥·´µ¸É¥° Ö¤¥·´ÒÌ ¤ ´´ÒÌ, ´¥µ¡Ìµ¤¨³ÒÌ ¤²Ö
· ¸Î¥Éµ¢ ¢ ¶·¨±² ¤´µ° Ö¤¥·´µ° Ë¨§¨±¥, µ¸µ¡¥´´µ ¢ É¥Ì Ô´¥·£¥É¨Î¥¸±¨Ì µ¡² -
¸ÉÖÌ, £¤¥ ´¥É ´ ¤¥¦´µ° Ô±¸¶¥·¨³¥´É ²Ó´µ° ¨´Ëµ·³ Í¨¨. ‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö
Ö¸´  ´¥µ¡Ìµ¤¨³µ¸ÉÓ ¤ ²Ó´¥°Ï¥£µ ¸µ¢¥·Ï¥´¸É¢µ¢ ´¨Ö · ¸Î¥É´µ£µ Ëµ·³ ²¨§³ 
¤²Ö ¡µ²¥¥ ÉµÎ´µ£µ ±µ²¨Î¥¸É¢¥´´µ£µ µ¶¨¸ ´¨Ö · §²¨Î´ÒÌ ³¥Ì ´¨§³µ¢ ³´µ£µ-
¸ÉÊ¶¥´Î ÉÒÌ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¸ ÊÎ ¸É¨¥³ ¸µ¸É ¢´ÒÌ Î ¸É¨Í.
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