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�·¥¤²µ¦¥´ ¨ ´  ¡µ²ÓÏµ³ Î¨¸²¥ ¶·¨³¥·µ¢ ·¥ ²¨§µ¢ ´ ¶µ²Ê³¨±·µ¸±µ¶¨Î¥¸±¨° ¶µ¤Ìµ¤ ±
µ¶¨¸ ´¨Õ E1- ¨ M1-· ¤¨ Í¨µ´´ÒÌ,   É ±¦¥ ®¸² ¡ÒÌ¯ ¸¨²µ¢ÒÌ ËÊ´±Í¨° ±µ³¶ Ê´¤-¸µ¸ÉµÖ´¨°
Ö¤¥· (¶µ¤ ¸² ¡Ò³¨ ¶¥·¥Ìµ¤ ³¨ ¶µ´¨³ ¥É¸Ö ¸³¥Ï¨¢ ´¨¥ ±µ³¶ Ê´¤-¸µ¸ÉµÖ´¨° ¶·µÉ¨¢µ¶µ²µ¦´µ°
Î¥É´µ¸É¨). �µ¤Ìµ¤ µ¸´µ¢ ´ ´  ¨¸¶µ²Ó§µ¢ ´¨¨ ¶·¨¡²¨¦¥´¨Ö ¸²ÊÎ °´µ° Ë §Ò ¸ ÉµÎ´Ò³ ÊÎ¥Éµ³
µ¤´µÎ ¸É¨Î´µ£µ ±µ´É¨´ÊÊ³  ¨ ´  Ë¥´µ³¥´µ²µ£¨Î¥¸±µ³ µ¶¨¸ ´¨¨ § ÉÊÌ ´¨Ö ±¢ §¨Î ¸É¨Í ¢ É¥·-
³¨´ Ì ³´¨³µ° Î ¸É¨ µ¶É¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ² . ‚ ¸²ÊÎ ¥ ¶¥·¥Ìµ¤µ¢ ³¥¦¤Ê ±µ³¶ Ê´¤-¸µ¸ÉµÖ´¨Ö³¨
¨¸¶µ²Ó§Ê¥É¸Ö É¥³¶¥· ÉÊ·´ Ö ¢¥·¸¨Ö Ê± § ´´µ£µ ¶µ¤Ìµ¤ ,   ¢ ¸²ÊÎ ¥ ¶¥·¥Ìµ¤µ¢ ´  µ¸´µ¢´µ¥ ¨²¨
´¨§±µ¢µ§¡Ê¦¤¥´´Ò¥ ¸µ¸ÉµÖ´¨Ö Å ¥£µ µ¡µ¡Ð¥´¨¥ ´  ¸²ÊÎ ° ÊÎ¥É  ¸¶ ·¨¢ ´¨Ö ´Ê±²µ´µ¢. …¤¨´-
¸É¢¥´´Ò³ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨³ ¶ · ³¥É·µ³ ³µ¤¥²¨ Ö¢²Ö¥É¸Ö ¨´É¥´¸¨¢´µ¸ÉÓ ³´¨³µ° Î ¸É¨ µ¶É¨-
Î¥¸±µ£µ ¶µÉ¥´Í¨ ² , ±µÉµ· Ö ¤²Ö ± ¦¤µ£µ Ö¤·  ´ Ìµ¤¨É¸Ö ¶ÊÉ¥³ ¸· ¢´¥´¨Ö · ¸Î¥É´µ° ¨ Ô±¸-
¶¥·¨³¥´É ²Ó´µ° ¢¥²¨Î¨´ ¶µ²´µ° · ¤¨ Í¨µ´´µ° Ï¨·¨´Ò ´¥°É·µ´´ÒÌ ·¥§µ´ ´¸µ¢. �¸É ²Ó´Ò¥
¶ · ³¥É·Ò ³µ¤¥²¨ ¢Ò¡¨· ÕÉ¸Ö ¨§ ´¥§ ¢¨¸¨³ÒÌ ¤ ´´ÒÌ. 
¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ¸· ¢´¨¢ ÕÉ¸Ö ¸
¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨.

A semimicroscopical approach is formulated and applied for a number of nuclei to describe
quantitatively photon and ®weak¯ strength functions of nuclear compound states corresponding to
neutron resonances (®weak transitions¯ imply the P -odd mixing of the compound states with opposite
parity). The approach is based on the semimicroscopical consideration of the low-energy ®tail¯ of
the corresponding giant resonances by means of both the continuum-RPA description of particle-
hole states and phenomenological description of quasiparticle damping within the framework of an
optical model. The temperature version of the approach is used to describe compound-to-compound
transitions, whereas the transitions to the ground and low-lying states of nuclei are described with
the use of the approach extended to the case of taking nucleon pairing into consideration. The single
adjustable parameter determining the strength of the single-quasiparticle damping is found for each
nucleus by the comparison of the calculated and experimental values of the mean total radiative width
of neutron resonances. The calculation results, concerned with root-mean-squared matrix elements of
the parity-violating nuclear mean ˇeld and the E1 and M1 strength functions corresponding to the
gamma-decay of neutron resonances, are compared with experimental data.

1. ‚‚…„…�ˆ…

ˆ´É¥·¥¸ ± É¥µ·¥É¨Î¥¸±µ° ¨´É¥·¶·¥É Í¨¨ ¸¢µ°¸É¢ Ö¤¥·´ÒÌ ¸µ¸ÉµÖ´¨° ¸
Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö Ex ∼ B (B Å Ô´¥·£¨Ö ¸¢Ö§¨ ´Ê±²µ´ ) µ¡Ê¸²µ¢²¥´ ¢
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§´ Î¨É¥²Ó´µ° ³¥·¥ ¡µ²ÓÏ¨³ µ¡Ñ¥³µ³ Ô±¸¶¥·¨³¥´É ²Ó´µ° ¨´Ëµ·³ Í¨¨, ´ -
±µ¶²¥´´µ° ¢ ·¥§Ê²ÓÉ É¥ ¨§ÊÎ¥´¨Ö · §´µµ¡· §´ÒÌ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¢¡²¨§¨ ¶µ-
·µ£  ¢Ò²¥É  ´Ê±²µ´  (¸³., ´ ¶·¨³¥·, [1,12]). �·¨ ÔÉµ³ ±¢ §¨¸É Í¨µ´ ·´Ò¥
¸µ¸ÉµÖ´¨Ö ¸ Ex > B ¶·µÖ¢²ÖÕÉ¸Ö ¢ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¸¥Î¥´¨ÖÌ ± ± ·¥§µ-
´ ´¸Ò ¸µ¸É ¢´µ£µ Ö¤· , ¢¸²¥¤¸É¢¨¥ Î¥£µ ÔÉ¨ Ö¤¥·´Ò¥ Ê·µ¢´¨ Î ¸Éµ ´ §Ò¢ ÕÉ
±µ³¶ Ê´¤-¸µ¸ÉµÖ´¨Ö³¨ (Š‘).

�µ³¨³µ ´¥°É·µ´´ÒÌ ¸¨²µ¢ÒÌ ËÊ´±Í¨°, ± ´ ¨¡µ²¥¥ ¢ ¦´Ò³ Ì · ±É¥·¨-
¸É¨± ³ Š‘ ³µ¦´µ µÉ´¥¸É¨ ¶ ·Í¨ ²Ó´Ò¥ · ¤¨ Í¨µ´´Ò¥ Ï¨·¨´Ò, ¶·µ¶µ·Í¨µ-
´ ²Ó´Ò¥ ¢¥·µÖÉ´µ¸ÉÖ³ · ¸¶ ¤  ¤ ´´µ£µ Š‘ ´  · §²¨Î´Ò¥ ±µ´¥Î´Ò¥ ¸µ¸ÉµÖ´¨Ö
Ö¤· . ‡´ Î¥´¨Ö ÔÉ¨Ì Ï¨·¨´ ³µ£ÊÉ ¡ÒÉÓ ¶µ²ÊÎ¥´Ò ¨§  ´ ²¨§  ¸¶¥±É·  ¶¥·¢¨Î-
´ÒÌ γ-±¢ ´Éµ¢, ¨¸¶Ê¸± ¥³ÒÌ ¢ ¶·µÍ¥¸¸¥ · ¤¨ Í¨µ´´µ£µ § Ì¢ É  ·¥§µ´ ´¸´ÒÌ
´¥°É·µ´µ¢ Ö¤· ³¨ (¸³., ´ ¶·¨³¥·, [2]). �·¨ ´¥¡µ²ÓÏ¨Ì (¶µ·Ö¤±  1Ä3 ŒÔ‚)
Ô´¥·£¨ÖÌ γ-±¢ ´Éµ¢, ±µ£¤  ¸É·Ê±ÉÊ·  ±µ´¥Î´ÒÌ ¸µ¸ÉµÖ´¨° ¸Éµ²Ó ¦¥ ¸²µ¦´ ,
ÎÉµ ¨ ¸É·Ê±ÉÊ·  ¨¸Ìµ¤´µ£µ ¸µ¸ÉµÖ´¨Ö, £µ¢µ·ÖÉ µ c − c′-¶¥·¥Ìµ¤ Ì (¸µ±· Ð¥-
´¨¥ µÉ ®compound-to-compound¯). ‚ ¤·Ê£µ³ ¶·¥¤¥²Ó´µ³ ¸²ÊÎ ¥, ±µ£¤  Ô´¥·£¨Ö
γ-±¢ ´Éµ¢ ω ∼ B ¨ · ¤¨ Í¨µ´´Ò° · ¸¶ ¤ ¨¸Ìµ¤´µ£µ Š‘ ¨¤¥É ´  µ¸´µ¢´µ¥ ¨²¨
´¨§±µ¢µ§¡Ê¦¤¥´´Ò¥ ¸µ¸ÉµÖ´¨Ö Ö¤·  ¸ µÉ´µ¸¨É¥²Ó´µ ¶·µ¸Éµ° ¸É·Ê±ÉÊ·µ°, £µ¢µ-
·ÖÉ µ c− s-¶¥·¥Ìµ¤ Ì (¸µ±· Ð¥´¨¥ µÉ ®compound-to-simple¯). �·¨¡²¨§¨É¥²Ó-
´µ° £· ´¨Í¥° ¶¥·¥Ìµ¤  µÉ ¶·µ¸ÉÒÌ ¸µ¸ÉµÖ´¨° ± Š‘ ³µ¦´µ ¸Î¨É ÉÓ Ô´¥·£¨Õ
¢µ§¡Ê¦¤¥´¨Ö, ¶·¨ ±µÉµ·µ° ¸É ´µ¢¨É¸Ö ¢µ§³µ¦´Ò³ ¸É É¨¸É¨Î¥¸±µ¥ µ¶¨¸ ´¨¥
Ö¤¥·´ÒÌ ¸µ¸ÉµÖ´¨° ¢ É¥·³¨´ Ì ¶²µÉ´µ¸É¨ Ê·µ¢´¥°, É¥³¶¥· ÉÊ·Ò ¨ É.¤.

ˆ´É¥£· ²Ó´µ° Ì · ±É¥·¨¸É¨±µ° ¨´É¥´¸¨¢´µ¸É¨ γ-· ¸¶ ¤  Š‘ Ö¢²ÖÕÉ¸Ö
¸·¥¤´¨¥ ¶µ²´Ò¥ · ¤¨ Í¨µ´´Ò¥ Ï¨·¨´Ò Γtot

γ , ¶µ ±µÉµ·Ò³ ¨³¥¥É¸Ö ¸¨¸É¥-
³ É¨Î¥¸± Ö Ô±¸¶¥·¨³¥´É ²Ó´ Ö ¨´Ëµ·³ Í¨Ö [1]. „¨ËË¥·¥´Í¨ ²Ó´µ° Ì · ±-
É¥·¨¸É¨±µ° Ê± § ´´µ° ¨´É¥´¸¨¢´µ¸É¨ Ö¢²Ö¥É¸Ö ËµÉµ´´ Ö ¸¨²µ¢ Ö ËÊ´±Í¨Ö:
sγ(ω) = Γγ(ω)/dc (d−1

c Å ¶²µÉ´µ¸ÉÓ ¨¸Ìµ¤´ÒÌ Š‘, Γγ(ω) Å ¸·¥¤´ÖÖ ¶ ·Í¨-
 ²Ó´ Ö · ¤¨ Í¨µ´´ Ö Ï¨·¨´ , µÉ¢¥Î ÕÐ Ö § ¤ ´´µ³Ê ±µ´¥Î´µ³Ê ¸µ¸ÉµÖ´¨Õ
Ö¤· ). Š ± ¶· ¢¨²µ, ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨´É¥´¸¨¢´µ¸É¥° Ô²¥±É·µ³ £´¨É´ÒÌ
¶¥·¥Ìµ¤µ¢ ¨§¢²¥± ÕÉ E1- ¨ M1-¸¨²µ¢Ò¥ ËÊ´±Í¨¨, ¢¢¨¤Ê ¤µ³¨´¨·µ¢ ´¨Ö ¤¨-
¶µ²Ó´µ° ³µ¤Ò ¢ · ¤¨ Í¨µ´´µ³ · ¸¶ ¤¥ Š‘. ‚ ¸²ÊÎ ¥ c−s-¶¥·¥Ìµ¤µ¢ ¤²Ö ·Ö¤ 
¸·¥¤´¥ÉÖ¦¥²ÒÌ Ö¤¥· ¨³¥¥É¸Ö Ô±¸¶¥·¨³¥´É ²Ó´ Ö ¨´Ëµ·³ Í¨Ö µÉ´µ¸¨É¥²Ó´µ
¢¥²¨Î¨´ sE1(ω) [2],   ¤²Ö ´¥¸±µ²Ó±¨Ì Ö¤¥· ¸ A ∼ 100 É ±¦¥ µÉ´µ¸¨É¥²Ó´µ
¢¥²¨Î¨´ sM1(ω) [3Ä5]. ‘ÊÐ¥¸É¢¥´´µ ¡µ²¥¥ ¸±Ê¤´µ° Ö¢²Ö¥É¸Ö Ô±¸¶¥·¨³¥´É ²Ó-
´ Ö ¨´Ëµ·³ Í¨Ö µ¡ ¨´É¥´¸¨¢´µ¸ÉÖÌ Ô²¥±É·µ³ £´¨É´ÒÌ c−c′-¶¥·¥Ìµ¤µ¢ [7Ä9].

„·Ê£µ° Ì · ±É¥·¨¸É¨±µ° Š‘, ±µÉµ· Ö ¨§¢²¥± ¥É¸Ö ¨§  ´ ²¨§  · ¸¸¥Ö´¨Ö
¶µ²Ö·¨§µ¢ ´´ÒÌ ´¥°É·µ´µ¢ Ö¤· ³¨, Ö¢²Ö¥É¸Ö ¨´É¥´¸¨¢´µ¸ÉÓ ¸² ¡µ£µ ¸³¥Ï¨¢ -
´¨Ö ±µ³¶ Ê´¤-¸µ¸ÉµÖ´¨° ¶·µÉ¨¢µ¶µ²µ¦´µ° Î¥É´µ¸É¨ (¸³. [10Ä16]). ‚ ¸·¥¤´¥-
ÉÖ¦¥²ÒÌ Ö¤· Ì µ¸´µ¢´Ò³ ¨¸ÉµÎ´¨±µ³ ÔÉµ£µ ¸³¥Ï¨¢ ´¨Ö Ö¢²Ö¥É¸Ö ´¥¸µÌ· ´Ö-
ÕÐ Ö ¶·µ¸É· ´¸É¢¥´´ÊÕ Î¥É´µ¸ÉÓ Î ¸ÉÓ ¸·¥¤´¥£µ ¶µ²Ö Ö¤·  V̂w =

∑
a Vw(a).

“± § ´´ Ö ¨´É¥´¸¨¢´µ¸ÉÓ Ì · ±É¥·¨§Ê¥É¸Ö ²¨¡µ ¢¥²¨Î¨´µ° ¸·¥¤´¥£µ ±¢ ¤· É 
³ É·¨Î´µ£µ Ô²¥³¥´É M2

w µÉ ¶µ²Ö V̂w ³¥¦¤Ê ¢µ²´µ¢Ò³¨ ËÊ´±Í¨Ö³¨ Š‘, ²¨¡µ
¸µµÉ¢¥É¸É¢ÊÕÐ¥° ¸¨²µ¢µ° ËÊ´±Í¨¥° Γ↓

w = 2πM2
w/dc.
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‘² ¡µ¥ ¸³¥Ï¨¢ ´¨¥ Š‘ ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ± ± ¸² ¡Ò¥ c−c′-¶¥·¥Ìµ¤Ò
(¸ ω = 0) ¶µ  ´ ²µ£¨¨ ¸ Ô²¥±É·µ³ £´¨É´Ò³¨ c − c′-¶¥·¥Ìµ¤ ³¨. „¥°¸É¢¨-
É¥²Ó´µ, µ¡Ð¥° Î¥·Éµ° Ê± § ´´ÒÌ ¶¥·¥Ìµ¤µ¢ Ö¢²Ö¥É¸Ö Éµ, ÎÉµ µ´¨ ¨´¤ÊÍ¨-
·µ¢ ´Ò µ¤´µÎ ¸É¨Î´Ò³¨ ¶µ²Ö³¨ (¸µµÉ¢¥É¸É¢¥´´µ V̂w ¨ V̂E1,M1) ¨ ¶µÔÉµ³Ê
¶·µ¨¸Ìµ¤ÖÉ Éµ²Ó±µ ¢ ³¥·Ê ¸¢Ö§¨ Î ¸É¨Î´µ-¤Ò·µÎ´ÒÌ ¨ ³´µ£µ±¢ §¨Î ¸É¨Î-
´ÒÌ ±µ´Ë¨£Ê· Í¨°. ‚¸²¥¤¸É¢¨¥ ÔÉµ£µ É ±¨¥ ¶¥·¥Ìµ¤Ò ³µ£ÊÉ ¡ÒÉÓ µ¶¨¸ ´Ò
¢ É¥·³¨´ Ì Î ¸É¨Î´µ-¤Ò·µÎ´ÒÌ ¸¨²µ¢ÒÌ ËÊ´±Í¨° (¸¨²µ¢ÒÌ ËÊ´±Í¨° £¨£ ´É-
¸±¨Ì ·¥§µ´ ´¸µ¢), ¢§ÖÉÒÌ ¢ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ³ ¶·¥¤¥²¥, É.¥. ¶·¨ Ô´¥·£¨ÖÌ
ω, ³´µ£µ ³¥´ÓÏ¨Ì Ô´¥·£¨¨ D ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ £¨£ ´É¸±µ£µ ·¥§µ´ ´¸  (0−

¨ 1−, 1+). ’ ±¨³ µ¡· §µ³, ¸µ¢³¥¸É´Ò°  ´ ²¨§ Ê¶µ³Ö´ÊÉÒÌ ¸¨²µ¢ÒÌ ËÊ´±Í¨°
¶·¥¤¸É ¢²Ö¥É¸Ö ¶µ²¥§´Ò³ ¸ ÉµÎ±¨ §·¥´¨Ö · ¸Ï¨·¥´¨Ö µ¡² ¸É¨ Ô±¸¶¥·¨³¥´-
É ²Ó´ÒÌ ¤ ´´ÒÌ, ±µÉµ·Ò¥ ³µ£ÊÉ ¡ÒÉÓ ¸µ¶µ¸É ¢²¥´Ò ¸ ·¥§Ê²ÓÉ É ³¨ ¢ÒÎ¨¸²¥-
´¨°, ¢Ò¶µ²´¥´´ÒÌ ¢ · ³± Ì ¥¤¨´µ° É¥µ·¥É¨Î¥¸±µ° ¸Ì¥³Ò.

’¥µ·¥É¨Î¥¸± Ö ¨´É¥·¶·¥É Í¨Ö ¨´É¥´¸¨¢´µ¸É¥° c − c′- ¨ c − s-¶¥·¥Ìµ¤µ¢
Ë ±É¨Î¥¸±¨ Ö¢²Ö¥É¸Ö É¥¸Éµ³ Ö¤¥·´ÒÌ ³µ¤¥²¥°, ¶·¥É¥´¤ÊÕÐ¨Ì ´  µ¶¨¸ ´¨¥
¸É·Ê±ÉÊ·Ò ¢Ò¸µ±µ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° Ö¤¥·. �  ¶¥·¢Ò° ¢§£²Ö¤, µ¸´µ-
¢µ° ¤²Ö É ±µ£µ µ¶¨¸ ´¨Ö ³µ¦¥É ¸²Ê¦¨ÉÓ µ¡µ²µÎ¥Î´ Ö ³µ¤¥²Ó. ‡ ¤ ¢Ï¨¸Ó
´¥±µÉµ·µ° ¶ · ³¥É·¨§ Í¨¥° ¢§ ¨³µ¤¥°¸É¢¨Ö ±¢ §¨Î ¸É¨Í ¨ µÉ¢²¥± Ö¸Ó µÉ ¸Ê-
Ð¥¸É¢µ¢ ´¨Ö µ¤´µÎ ¸É¨Î´µ£µ ±µ´É¨´ÊÊ³ , ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ ¨ Ô´¥·£¨¨ Š‘ ¢
¶·¨´Í¨¶¥ ³µ¦´µ ´ °É¨ ± ± ·¥§Ê²ÓÉ É ·¥Ï¥´¨Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¥° ¤¨ £µ´ ²¨§ -
Í¨µ´´µ° § ¤ Î¨. 
 ¸¸³ É·¨¢ Ö ¤²Ö µ¶·¥¤¥²¥´´µ¸É¨ ´¥Î¥É´Ò¥ Ö¤· , ¶·¥¤¸É ¢¨³
¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ ÉµÎ´ÒÌ ¸µ¸ÉµÖ´¨° Ö¤·  ¢ ¢¨¤¥ ¸Ê¶¥·¶µ§¨Í¨¨ µ¤´µ-, É·¥Ì-,
¶ÖÉ¨- . . . ±¢ §¨Î ¸É¨Î´ÒÌ ±µ´Ë¨£Ê· Í¨° ¸ Ë¨±¸¨·µ¢ ´´Ò³¨ §´ Î¥´¨Ö³¨ Jπ:

|c〉 =
∑
1

bc1|1〉+
∑
3

bc3|3〉+
∑
5

bc5|5〉+ . . . . (1)

’·¥Ì±¢ §¨Î ¸É¨Î´Ò¥ ±µ´Ë¨£Ê· Í¨¨ ¢ (1) ³µ£ÊÉ ¢±²ÕÎ ÉÓ µ¤´µËµ´µ´´Ò¥ ¸µ-
¸ÉµÖ´¨Ö, ¶ÖÉ¨±¢ §¨Î ¸É¨Î´Ò¥ Å µ¤´µ- ¨ ¤¢ÊÌËµ´µ´´Ò¥ ¸µ¸ÉµÖ´¨Ö ¨ É.¤. „²Ö
³ É·¨Î´µ£µ Ô²¥³¥´É  〈c′|V̂ |c〉 ¨³¥¥³

〈c′|V̂ |c〉 =
∑
i,j

bc
′∗
i b

c
j〈i|V̂ |j〉. (2)

‚ ¸²ÊÎ ¥ µ¤´µÎ ¸É¨Î´µ£µ µ¶¥· Éµ·  V̂ ¸² £ ¥³µ¥ ¢ ¸Ê³³¥ (2) c i = j = 1 µ¶·¥-
¤¥²Ö¥É É ± ´ §Ò¢ ¥³Ò° ¢ ²¥´É´Ò° ¢±² ¤,   µ¸É ²Ó´Ò¥ ¸² £ ¥³Ò¥ Å ¸É É¨¸É¨-
Î¥¸±¨° ¢±² ¤. Œ É·¨Î´Ò° Ô²¥³¥´É 〈0|V̂ |c〉 , µÉ¢¥Î ÕÐ¨° · ¸¶ ¤Ê ¢ µ¸´µ¢´µ¥
¸µ¸ÉµÖ´¨¥, µ¶·¥¤¥²Ö¥É¸Ö Éµ²Ó±µ ¢ ²¥´É´Ò³ ³¥Ì ´¨§³µ³ ¨ ¢±² ¤µ³ ¸² £ ¥³µ£µ
¸ j = 3, ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ¸µ¸ÉµÖ´¨Õ ®´¥Î¥É´ Ö Î ¸É¨Í  +Ëµ´µ´¯. 
 §²µ¦¥-
´¨¥ (2) Ê¤µ¡´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¤²Ö µÍ¥´µ± ¢¥²¨Î¨´ ¸·¥¤´¥±¢ ¤· É¨Î´ÒÌ ³ É·¨Î-

´ÒÌ Ô²¥³¥´Éµ¢MV =
(∣∣∣〈c′|V̂ |c〉∣∣∣2)1/2

(Î¥·É  µ¡µ§´ Î ¥É Ê¸·¥¤´¥´¨¥ ¶µ ¡µ²Ó-

Ïµ³Ê Î¨¸²Ê ¸µ¸ÉµÖ´¨° c ¨ c′). � ¶·¨³¥·, ¢µ¸¶µ²Ó§µ¢ ¢Ï¨¸Ó ¶·¥¤¶µ²µ¦¥´¨¥³
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µ ¸É É¨¸É¨Î¥¸±µ° ´¥§ ¢¨¸¨³µ¸É¨ ´ ¡µ·µ¢ ±µÔËË¨Í¨¥´Éµ¢ {bi}, µÉ¢¥Î ÕÐ¨Ì
· §²¨Î´Ò³ c, ³µ¦´µ ¶·¨°É¨ ± ¸²¥¤ÊÕÐ¥³Ê ·¥§Ê²ÓÉ ÉÊ: MV ∼ Vs.p/

√
N (¸³.,

´ ¶·¨³¥·, [17Ä19]), £¤¥ Vs.p Å Ì · ±É¥·´ Ö ¢¥²¨Î¨´  ³ É·¨Î´µ£µ Ô²¥³¥´É 
³¥¦¤Ê µ¤´µÎ ¸É¨Î´Ò³¨ µ¡µ²µÎ¥Î´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨, N 	 1 Å Î¨¸²µ É ± ´ -
§Ò¢ ¥³ÒÌ ®£² ¢´ÒÌ¯ ±µ³¶µ´¥´É ¢µ²´µ¢µ° ËÊ´±Í¨¨ (1) (±µ³¶µ´¥´É, ¤ ÕÐ¨Ì
µ¸´µ¢´µ° ¢±² ¤ ¢ ´µ·³¨·µ¢±Ê ¢µ²´µ¢µ° ËÊ´±Í¨¨). �É¸Õ¤  ´¥¶µ¸·¥¤¸É¢¥´´µ
¸²¥¤Ê¥É ÊÉ¢¥·¦¤¥´¨¥ µ ¤µ³¨´¨·µ¢ ´¨¨ ¸É É¨¸É¨Î¥¸±µ£µ ³¥Ì ´¨§³  Ëµ·³¨-
·µ¢ ´¨Ö ¨´É¥´¸¨¢´µ¸É¨ c − c′-¶¥·¥Ìµ¤µ¢ ´ ¤ ¢ ²¥´É´Ò³ (¢ ³¥·Ê ¢¥²¨Î¨´Ò
N ). �¤´ ±µ É ±¨¥ µÍ¥´±¨ ´¥ ³µ£ÊÉ § ³¥´¨ÉÓ ±µ²¨Î¥¸É¢¥´´Ò°  ´ ²¨§, ±µ-
Éµ·Ò° ¢·Ö¤ ²¨ ³µ¦¥É ¡ÒÉÓ µ¸ÊÐ¥¸É¢²¥´ ´  µ¸´µ¢¥ (1) ¢ ¸¨²Ê £¨£ ´É¸±µ°
· §³¥·´µ¸É¨ ¡ §¨¸  ¸µµÉ¢¥É¸É¢ÊÕÐ¥° ¤¨ £µ´ ²¨§ Í¨µ´´µ° § ¤ Î¨. ‚ ¨§¢¥¸É-
´µ³ ¸³Ò¸²¥ ÔÉµÉ ³¥Éµ¤ ¨ ¡¥¸¸µ¤¥·¦ É¥²¥´ ¨§-§  ´¥µ¡Ìµ¤¨³µ¸É¨ ¨¸¶µ²Ó§µ¢ ÉÓ
¡µ²ÓÏµ¥ Î¨¸²µ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨Ì ¶ · ³¥É·µ¢, Ì · ±É¥·¨§ÊÕÐ¨Ì ¨´É¥´-
¸¨¢´µ¸ÉÓ ¨ ¸É·Ê±ÉÊ·Ê ÔËË¥±É¨¢´ÒÌ ¸¨², ¨¸¶µ²Ó§Ê¥³ÒÌ ¢ ÔÉµ° § ¤ Î¥. ‡ ³¥É¨³,
ÎÉµ ¶µ¶ÒÉ±¨ ±µ²¨Î¥¸É¢¥´´µ° ¨´É¥·¶·¥É Í¨¨ ¨´É¥´¸¨¢´µ¸É¥° c−c′-¶¥·¥Ìµ¤µ¢,
¶·¥¤¶·¨´ÖÉÒ¥ ¢ · ¡µÉ Ì [20], ¶·¨¢¥²¨  ¢Éµ·µ¢ ± § ±²ÕÎ¥´¨Õ µ ¢µ§³µ¦´µ¸É¨
¤µ³¨´¨·µ¢ ´¨Ö ¢ ²¥´É´µ£µ ³¥Ì ´¨§³  ¢ ´¥±µÉµ·ÒÌ Ö¤· Ì. ’ ±¨³ µ¡· §µ³, ¢
²¨É¥· ÉÊ·¥ ¸ÊÐ¥¸É¢ÊÕÉ · §²¨Î´Ò¥ ³´¥´¨Ö µ Éµ³, ± ±µ° ¨§ Ê± § ´´ÒÌ ³¥Ì -
´¨§³µ¢ ¤µ³¨´¨·Ê¥É.

•µ·µÏµ ¨§¢¥¸É´µ, ÎÉµ ¢¸²¥¤¸É¢¨¥ ¶·¨´Í¨¶  ¤¥É ²Ó´µ£µ · ¢´µ¢¥¸¨Ö · ¤¨ -
Í¨µ´´Ò¥ ¸¨²µ¢Ò¥ ËÊ´±Í¨¨ ¤²Ö · ¸¶ ¤  Š‘ ¢ µ¸´µ¢´µ¥ (¢µ§¡Ê¦¤¥´´µ¥) ¸µ¸Éµ-
Ö´¨¥ Ö¤·  ¶·µ¶µ·Í¨µ´ ²Ó´Ò ¸¨²µ¢Ò³ ËÊ´±Í¨Ö³ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ƒ
, ¶µ¸É·µ-
¥´´ÒÌ ´  ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨. Šµ²¨Î¥¸É¢¥´´ Ö ¨´É¥·¶·¥É Í¨Ö ÔÉ¨Ì ¸¨²µ¢ÒÌ
ËÊ´±Í¨° É·¥¡Ê¥É · ¸Î¥É  ¸·¥¤´¥° Ö¤¥·´µ° ¶µ²Ö·¨§Ê¥³µ¸É¨ (ÉµÎ´¥¥, ¥¥ ³´¨-
³µ° Î ¸É¨), ±µÉµ· Ö ¸µµÉ¢¥É¸É¢Ê¥É ¶¥·¨µ¤¨Î¥¸±µ³Ê ¢´¥Ï´¥³Ê ¶µ²Õ, ¤¥°¸É¢Ê-
ÕÐ¥³Ê ´  Ö¤·µ ¢ µ¸´µ¢´µ³ (¢µ§¡Ê¦¤¥´´µ³) ¸µ¸ÉµÖ´¨¨ (¸³.,´ ¶·¨³¥·, [21]).
‚ ÔÉµ° ¸¢Ö§¨ µÉ³¥É¨³ · ¸Î¥ÉÒ E1- ¨ M1-¸¨²µ¢ÒÌ ËÊ´±Í¨° ¢ µ±·¥¸É´µ¸É¨
Ô´¥·£¨¨ ³ ±¸¨³Ê³  D ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ £¨£ ´É¸±µ£µ ·¥§µ´ ´¸ , ¶µ¸É·µ¥´-
´µ£µ ´  µ¸´µ¢´µ³ ¸µ¸ÉµÖ´¨¨ Ö¤·  (¸³. [22Ä28] ¨ ¸¸Ò²±¨ ¢ ´¨Ì). ˆ¸Ìµ¤´Ò³
§¤¥¸Ó Ö¢²Ö¥É¸Ö ¶·¨¡²¨¦¥´¨¥ ¸²ÊÎ °´µ° Ë §Ò (�‘”), ¢ · ³± Ì ±µÉµ·µ£µ £¨-
£ ´É¸±¨³ ·¥§µ´ ´¸ ³ µÉ¢¥Î ÕÉ ¢ ¡µ²ÓÏ¥° ¨²¨ ³¥´ÓÏ¥° ¸É¥¶¥´¨ ±µ²²¥±É¨¢¨-
§¨·µ¢ ´´Ò¥ ±µ´Ë¨£Ê· Í¨¨ É¨¶  Î ¸É¨Í  Ä ¤Ò·±  (1− ¨ 1+ ¸µµÉ¢¥É¸É¢¥´´µ). ‚
¸¢µÕ µÎ¥·¥¤Ó, §¤¥¸Ó ´ ¨¡µ²¥¥ ¶·µ¤¢¨´ÊÉÒ³¨ ³µ¦´µ ¸Î¨É ÉÓ ¶µ¤Ìµ¤Ò, ¶µ§¢µ-
²ÖÕÐ¨¥ ÉµÎ´µ ÊÎ¨ÉÒ¢ ÉÓ ¢±² ¤ ¸µ¸ÉµÖ´¨° ´¥¶·¥·Ò¢´µ£µ ¸¶¥±É· , ¨¸¶µ²Ó§ÊÖ
Ëµ·³ ²¨§³ µ¤´µÎ ¸É¨Î´ÒÌ ËÊ´±Í¨° ƒ·¨´  ¢ ±µµ·¤¨´ É´µ³ ¶·¥¤¸É ¢²¥´¨¨
[23Ä25]. —Éµ ± ¸ ¥É¸Ö µ¶¨¸ ´¨Ö ¢µ§¡Ê¦¤¥´¨° É¨¶  Î ¸É¨Í  Ä ¤Ò·±  ¢ ´ £·¥-
ÉÒÌ Ö¤· Ì (µÉ¢¥Î ÕÐ¨Ì £¨£ ´É¸±¨³ ·¥§µ´ ´¸ ³, ¶µ¸É·µ¥´´Ò³ ´  Š‘), Éµ ¸µ-
µÉ¢¥É¸É¢ÊÕÐ Ö ³µ¤¨Ë¨± Í¨Ö Ê· ¢´¥´¨° �‘” ´  µ¸´µ¢¥ É¥·³µ¶µ²¥¢µ° ¤¨´ -
³¨±¨ · §· ¡ ÉÒ¢ ¥É¸Ö ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¢ · ¡µÉ Ì [29,30]. ‚ ¶· ±É¨Î¥¸±¨Ì
¢ÒÎ¨¸²¥´¨ÖÌ, ± ± ¶· ¢¨²µ, ¨¸¶µ²Ó§ÊÕÉ¸Ö Ê· ¢´¥´¨Ö �‘” ¸ É¥³¶¥· ÉÊ·´µ°
³µ¤¨Ë¨± Í¨¥° Î¨¸¥² § ¶µ²´¥´¨Ö (¸³., ´ ¶·¨³¥·, [31,32]).
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‘²¥¤ÊÕÐ¨³ ÔÉ ¶µ³ ¢ ¨´É¥·¶·¥É Í¨¨ ¸¨²µ¢ÒÌ ËÊ´±Í¨° Š‘ Ö¢²Ö¥É¸Ö µ¶¨-
¸ ´¨¥ ¸¢Ö§¨ Ëµ·³¨·ÊÕÐ¨Ì ƒ
 ±µ´Ë¨£Ê· Í¨° É¨¶  Î ¸É¨Í  Ä ¤Ò·±  (¢Ìµ¤´ÒÌ
¸µ¸ÉµÖ´¨°) ¸ ³´µ£µ±¢ §¨Î ¸É¨Î´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨. ˆ³¥´´µ §  ¸Î¥É ÔÉµ° ¸¢Ö§¨
¨ Ëµ·³¨·ÊÕÉ¸Ö ËµÉµ´´Ò¥ ¸¨²µ¢Ò¥ ËÊ´±Í¨¨ Š‘. ‚µ§³µ¦´Ò ¤¢  ¸¶µ¸µ¡  ÊÎ¥É 
Ê± § ´´µ° ¸¢Ö§¨: ³¨±·µ¸±µ¶¨Î¥¸±¨° ¨ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨°. �¥·¢Ò° ¸¶µ¸µ¡,
± ± ¶· ¢¨²µ, ¨¸¶µ²Ó§Ê¥³Ò° ¤²Ö µ¶¨¸ ´¨Ö ¸¨²µ¢µ° ËÊ´±Í¨¨ ¢ ´¥¶µ¸·¥¤¸É¢¥´-
´µ° µ±·¥¸É´µ¸É¨ ³ ±¸¨³Ê³  ƒ
, ¶µ¸É·µ¥´´µ£µ ´  µ¸´µ¢´µ³ ¸µ¸ÉµÖ´¨¨ Ö¤· ,
¸µ¸Éµ¨É ¢ ÊÎ¥É¥ ¸¢Ö§¨ ¢Ìµ¤´ÒÌ ¸µ¸ÉµÖ´¨° ¸ µ£· ´¨Î¥´´Ò³ Î¨¸²µ³ ±µ´Ë¨-
£Ê· Í¨° É¨¶  2 Î ¸É¨ÍÒ Å 2 ¤Ò·±¨ (¸³., ´ ¶·¨³¥·, [26, 27] ¨ ¸¸Ò²±¨ ¢
ÔÉ¨Ì · ¡µÉ Ì). ’ ±µ° ¶µ¤Ìµ¤ Ö¢²Ö¥É¸Ö, ¶µ ¸ÊÉ¨, ¸¶µ¸µ¡µ³ ³µ¤¥²Ó´µ£µ ¶µ-
¸É·µ¥´¨Ö ¢µ²´µ¢µ° ËÊ´±Í¨¨,  ´ ²µ£¨Î´µ° (1). ‚ · ¡µÉ Ì [33Ä35] ¶·¥¤¶·¨-
´ÖÉ  ¶µ¶ÒÉ±  µ¶¨¸ ´¨Ö ´  ¤ ´´µ° µ¸´µ¢¥ ¸¨²µ¢ÒÌ ËÊ´±Í¨° · ¤¨ Í¨µ´´ÒÌ
c−s-¶¥·¥Ìµ¤µ¢. �¤´ ±µ ¢ Ê± § ´´ÒÌ ¶µ¤Ìµ¤ Ì µ¸É ¥É¸Ö ´¥¢ÒÖ¸´¥´´Ò³ ¢µ¶·µ¸,
¢ ± ±µ° ³¥·¥  ¡¸µ²ÕÉ´ Ö ¢¥²¨Î¨´  ¨ Ô´¥·£¥É¨Î¥¸± Ö § ¢¨¸¨³µ¸ÉÓ · ¸Î¥É´ÒÌ
¸¨²µ¢ÒÌ ËÊ´±Í¨° § ¢¨¸¨É µÉ µ£· ´¨Î¥´¨Ö ¡ §¨¸  ³´µ£µÎ ¸É¨Î´ÒÌ ±µ´Ë¨£Ê· -
Í¨°. ‚ · ¡µÉ¥ [36] ¡Ò²  ¶·¥¤¶·¨´ÖÉ  ¶µ¶ÒÉ±  ¨´É¥·¶·¥É Í¨¨ Éµ´±µ° ¸É·Ê±-
ÉÊ·Ò · ¸¶·¥¤¥²¥´¨Ö E1-¸¨²Ò ¢ Ö¤·¥ 140Ce ¢ · ³± Ì ±¢ §¨Î ¸É¨Î´µ-Ëµ´µ´´µ°
³µ¤¥²¨. �¥¸³µÉ·Ö ´  ¤µ¸É ÉµÎ´µ Ï¨·µ±¨° ¡ §¨¸, ¢±²ÕÎ ÕÐ¨° µ¤´µ-, ¤¢ÊÌ-
¨ É·¥ÌËµ´µ´´Ò¥ ±µ´Ë¨£Ê· Í¨¨, µÉ²¨Î¨¥ · ¸Î¥É´µ£µ · ¸¶·¥¤¥²¥´¨Ö µÉ Ô±¸¶¥-
·¨³¥´É ²Ó´µ£µ ¤µ¢µ²Ó´µ § ³¥É´µ.

Œµ¤¥²¨, ¡ §¨·ÊÕÐ¨¥¸Ö ´  Ë¥´µ³¥´µ²µ£¨Î¥¸±µ³ ÊÎ¥É¥ ¸¢Ö§¨ ¢Ìµ¤´ÒÌ ¸µ-
¸ÉµÖ´¨° ¸µ ¸²µ¦´Ò³¨ ±µ´Ë¨£Ê· Í¨Ö³¨, ± ± ¶· ¢¨²µ, ¨¸¶µ²Ó§ÊÕÉ ²µ·¥´Í¥¢-
¸±ÊÕ  ¶¶·µ±¸¨³ Í¨Õ ¤²Ö S(ω) ¢µ ¢¸¥³ ¨´É¥·¢ ²¥ §´ Î¥´¨° Ô´¥·£¨¨ ¢µ§¡Ê¦-
¤¥´¨Ö ω (¸³., ´ ¶·¨³¥·, [37Ä41]), ¸ Ô´¥·£¨¥° ³ ±¸¨³Ê³ , ¸µ¢¶ ¤ ÕÐ¥° ¸
¸µµÉ¢¥É¸É¢ÊÕÐ¨³ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ §´ Î¥´¨¥³. � · ³¥É·Ò, Ì · ±É¥·¨§ÊÕ-
Ð¨¥ § ¢¨¸¨³µ¸ÉÓ Ï¨·¨´Ò ƒ
 µÉ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö (Γg = αω2 [37, 38]
¨²¨ Γg = const [40, 41]), É ±¦¥ ¨§¢²¥± ÕÉ¸Ö ¨§ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ §´ -
Î¥´¨Ö Ï¨·¨´Ò µ¡² ¸É¨ ³ ±¸¨³Ê³  ƒ
. „²Ö µ¶¨¸ ´¨Ö ¸¨²µ¢µ° ËÊ´±Í¨¨ ƒ

¢ ´ £·¥ÉÒÌ Ö¤· Ì ²¨¡µ ¨¸¶µ²Ó§Ê¥É¸Ö É  ¦¥ ¶ · ³¥É·¨§ Í¨Ö, ÎÉµ ¨ ¤²Ö Ìµ-
²µ¤´µ£µ Ö¤·  [40, 41], ²¨¡µ Ô´¥·£¥É¨Î¥¸±µ¥ ¶µ¢¥¤¥´¨¥ Ï¨·¨´Ò ³µ¤¨Ë¨Í¨-
·Ê¥É¸Ö ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ µ¶¨¸ ´¨¥³ § ÉÊÌ ´¨Ö ´Ê²¥¢µ£µ §¢Ê±  ¢ ¡¥¸±µ´¥Î´µ°
Ë¥·³¨-¸¨¸É¥³¥: Γg = α(ω2 + (2πt)2) [37, 38]. •µÉÖ ¢ ¶µ¤µ¡´ÒÌ ³µ¤¥²ÖÌ
µÉ¸ÊÉ¸É¢ÊÕÉ ¸¢µ¡µ¤´Ò¥ ¶ · ³¥É·Ò, ¨Ì ¶·¥¤¸± § ´¨Ö ¸É ´µ¢ÖÉ¸Ö ¤µ¢µ²Ó´µ ´¥-
µ¶·¥¤¥²¥´´Ò³¨ ¢ ¸²ÊÎ ¥ ƒ
, ¤²Ö ±µÉµ·ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö Ô´¥·-
£¨¨ ³ ±¸¨³Ê³  ¨ Ï¨·¨´Ò ¨§¢¥¸É´Ò ´¥¤µ¸É ÉµÎ´µ ´ ¤¥¦´µ (´ ¶·¨³¥·, 0−

ƒ
). Š·µ³¥ Éµ£µ, µÎ¥¢¨¤´µ, ÎÉµ ¶·µÍ¥¤Ê·  ¨¸¶µ²Ó§µ¢ ´¨Ö ¥¤¨´µ°  ¶¶·µ±-
¸¨³ Í¨¨ ¸¨²µ¢µ° ËÊ´±Í¨¨ É¥µ·¥É¨Î¥¸±¨ ´¥ µ¡µ¸´µ¢ ´ , ±µ£¤  · ¸¸³ É·¨¢ -
ÕÉ¸Ö Ô´¥·£¨¨ ω, ³´µ£µ ³¥´ÓÏ¨¥ Ô´¥·£¨¨ ³ ±¸¨³Ê³  ƒ
. ‚ ¢ ¦´µ³ ¸²ÊÎ ¥ E1
c−s-¶¥·¥Ìµ¤µ¢ É ± Ö ¶ · ³¥É·¨§ Í¨Ö ´¥ ÊÎ¨ÉÒ¢ ¥É ·Ö¤  ¸É·Ê±ÉÊ·´ÒÌ ÔËË¥±-
Éµ¢ ¢ Ëµ·³¨·µ¢ ´¨¨ ¸¨²µ¢µ° ËÊ´±Í¨¨, É ±¨Ì, ± ± ¸ÊÐ¥¸É¢µ¢ ´¨¥ ¢ ²¥´É´µ£µ
³¥Ì ´¨§³ , ®¶¨£³¨¯-E1 ƒ
, £·µ¸¸-¸É·Ê±ÉÊ·Ò E1 ƒ
, ¸¨²Ó´µ° ¸¢Ö§¨ E1 ƒ

¸ ±¢ ¤·Ê¶µ²Ó´Ò³¨ Ëµ´µ´ ³¨ ¢ ´¥³ £¨Î¥¸±¨Ì Ö¤· Ì, ¸¶ ·¨¢ ´¨Ö ´Ê±²µ´µ¢,
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¶·¨¢µ¤ÖÐ¥£µ, ¢ Î ¸É´µ¸É¨, ± ¶µ·µ£µ¢µ° § ¢¨¸¨³µ¸É¨ Γg(ω). ‚ ¸²ÊÎ ¥ Ë¥-
´µ³¥´µ²µ£¨Î¥¸±µ£µ µ¶¨¸ ´¨Ö c− c′-¶¥·¥Ìµ¤µ¢, ±µÉµ·Ò¥ Ëµ·³¨·ÊÕÉ¸Ö §  ¸Î¥É
µ¤´µ£µ-¤¢ÊÌ Î ¸É¨Î´µ-¤Ò·µÎ´ÒÌ ¶¥·¥Ìµ¤µ¢, ¨£´µ·¨·Ê¥É¸Ö ¨´¤¨¢¨¤Ê ²Ó´ Ö ¤²Ö
± ¦¤µ£µ Ö¤·  ¸É·Ê±ÉÊ·  £· ´¨ÍÒ ”¥·³¨. �É  ¦¥ ±·¨É¨±  ¸¶· ¢¥¤²¨¢  ¨ ¢ µÉ-
´µÏ¥´¨¨ ¶µ²Ê±² ¸¸¨Î¥¸±¨Ì ³µ¤¥²¥° [42Ä44], ¡ §¨·ÊÕÐ¨Ì¸Ö ´  Éµ³ ¨²¨ ¨´µ³
¢ ·¨ ´É¥ ±¢ ´Éµ¢µ£µ  ´ ²µ£  ±¨´¥É¨Î¥¸±µ£µ Ê· ¢´¥´¨Ö ‚² ¸µ¢ Å‹ ´¤ Ê, ¢
±µÉµ·µ³ ¸¢Ö§Ó ¶·µ¸ÉÒÌ ±µ´Ë¨£Ê· Í¨° ¸µ ¸²µ¦´Ò³¨ µ¶¨¸Ò¢ ¥É¸Ö ¢ É¥·³¨´ Ì
±¢ ´Éµ¢µ£µ ¨´É¥£· ²  ¸Éµ²±´µ¢¥´¨° (±·µ³¥ Éµ£µ, ¶·¥¤¸É ¢²Ö¥É¸Ö ´¥µ¡µ¸´µ¢ ´-
´Ò³ ÊÎ¥É ¢ Ê± § ´´ÒÌ · ¡µÉ Ì ®¸·¥¤´¥° É¥¶²µ¢µ° Ô´¥·£¨¨ Ô²¥±É·µ³ £´¨É´µ£µ
¶µ²Ö ¢ ´ £·¥Éµ³ Ö¤·¥¯).

—Éµ ± ¸ ¥É¸Ö ³¨±·µ¸±µ¶¨Î¥¸±µ£µ µ¶¨¸ ´¨Ö ·¥² ±¸ Í¨¨ ¢µ§¡Ê¦¤¥´¨° É¨¶ 
Î ¸É¨Í  Ä ¤Ò·±  ¢ ´ £·¥ÉÒÌ Ö¤· Ì, Éµ ¶µ±  ´¥ ¸Ëµ·³Ê²¨·µ¢ ´ ¤µ¸É ÉµÎ´µ ¶µ-
¸²¥¤µ¢ É¥²Ó´Ò° ³¥Éµ¤ ÊÎ¥É  ¸¢Ö§¨ Ê± § ´´ÒÌ ¸µ¸ÉµÖ´¨° ¸ ³´µ£µÎ ¸É¨Î´Ò³¨
±µ´Ë¨£Ê· Í¨Ö³¨. ˆ³¥´´µ ¢ ³¥·Ê ÔÉµ° ¸¢Ö§¨ ¢ · ³± Ì ¸É É¨¸É¨Î¥¸±µ£µ ³¥-
Ì ´¨§³  ·¥ ²¨§ÊÕÉ¸Ö ¶¥·¥Ìµ¤Ò ³¥¦¤Ê Š‘ ¶µ¤ ¤¥°¸É¢¨¥³ ¢´¥Ï´¥£µ µ¤´µÎ -
¸É¨Î´µ£µ ¶µ²Ö. „·Ê£¨³¨ ¸²µ¢ ³¨, ¢ ³¥·Ê ÔÉµ° ¸¢Ö§¨ ¸ÊÐ¥¸É¢ÊÕÉ ´¨§±µÔ´¥·-
£¥É¨Î¥¸±¨¥ (¢¶²µÉÓ ¤µ ω = 0) ®Ì¢µ¸ÉÒ¯ £¨£ ´É¸±¨Ì ·¥§µ´ ´¸µ¢ ¢ ´ £·¥ÉÒÌ
Ö¤· Ì. ’¥³ ´¥ ³¥´¥¥ ¢ ¸µ¢·¥³¥´´µ° ²¨É¥· ÉÊ·¥, ¶µ¸¢ÖÐ¥´´µ° ¶·µ¡²¥³¥ É¥µ-
·¥É¨Î¥¸±µ° ¨´É¥·¶·¥É Í¨¨ ¢¥²¨Î¨´ Mw, ¸ÊÐ¥¸É¢ÊÕÉ · ¡µÉÒ, ¨³¥ÕÐ¨¥ ¤¥²µ
¸ · §²µ¦¥´¨¥³ (1) ²¨¡µ ¤²Ö ¢¢¥¤¥´¨Ö ¶µ´ÖÉ¨Ö ®£² ¢´ÒÌ¯ ±µ³¶µ´¥´É ¢µ²´µ¢ÒÌ
ËÊ´±Í¨° Š‘ [45], ²¨¡µ ¤²Ö µ¶¨¸ ´¨Ö ·¥Ï¥´¨° ¤¨ £µ´ ²¨§ Í¨µ´´µ° § ¤ Î¨ ´ 
³µ¤¥²Ó´µ³ ¡ §¨¸¥ 0�ω-¸µ¸ÉµÖ´¨° [46, 47]. 
 ¸Î¥ÉÒ ¢¥²¨Î¨´ Mw ¶·µ¢¥¤¥´Ò
¢ ± ¦¤µ³ ¨§ ÔÉ¨Ì ¶µ¤Ìµ¤µ¢ Éµ²Ó±µ ¤²Ö µ¤´µ£µ ±µ³¶ Ê´¤-Ö¤·  (233Th [45] ¨
239U [47]), ÎÉµ ´¥ ¤ ¥É ¢µ§³µ¦´µ¸É¨ ¸Ê¤¨ÉÓ µ ¶·¥¨³ÊÐ¥¸É¢ Ì ± ¦¤µ£µ ¨§
ÔÉ¨Ì ¶µ¤Ìµ¤µ¢ ¢ µ¶¨¸ ´¨¨ ¢¸¥£µ ¸ÊÐ¥¸É¢ÊÕÐ¥£µ ³ ¸¸¨¢  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¤ ´´ÒÌ µÉ´µ¸¨É¥²Ó´µ ¨´É¥´¸¨¢´µ¸É¥° c − c′-¶¥·¥Ìµ¤µ¢. Š ´¥¤µ¸É É± ³ Ê± -
§ ´´ÒÌ · ¡µÉ ³µ¦´µ µÉ´¥¸É¨, ¢µ-¶¥·¢ÒÌ, ¨¸¶µ²Ó§µ¢ ´¨¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢
± ´ ²¥ Î ¸É¨Í Ä¤Ò·±  (¢ ¶ · ³¥É·¨§ Í¨¨ ‹ ´¤ ÊÅŒ¨£¤ ² ) ¢ ± Î¥¸É¢¥ µ¸É -
ÉµÎ´µ£µ ¤¢ÊÌÎ ¸É¨Î´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö, É.¥. ¤²Ö µ¶¨¸ ´¨Ö ± ´ ²  · ¸¶ ¤ 
®µ¤¨´ ¢ É·¨¯ (¢ É¥·³¨´ Ì É¥µ·¨¨ ¡¥¸±µ´¥Î´ÒÌ Ë¥·³¨-¸¨¸É¥³). ‚µ-¢Éµ·ÒÌ, ¨
ÔÉµ ¶·¥¤¸É ¢²Ö¥É¸Ö ¡µ²¥¥ ¢ ¦´Ò³, · ¡µÉÒ [45Ä47] ¸µ¤¥·¦ É ¸²¨Ï±µ³ Ê¶·µ-
Ð¥´´µ¥ µ¶¨¸ ´¨¥ ¢²¨Ö´¨Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ £¨£ ´É¸±µ£µ ·¥§µ´ ´¸ , ±µÉµ·µ¥,
± ± Ê¦¥ µÉ³¥Î ²µ¸Ó ¢ÒÏ¥, ¨ Ö¢²Ö¥É¸Ö µ¶·¥¤¥²ÖÕÐ¨³ Ë ±Éµ·µ³ ¢ Ëµ·³¨-
·µ¢ ´¨¨ ¨´É¥´¸¨¢´µ¸É¥° ± ± c − s-, É ± ¨ c − c′-¶¥·¥Ìµ¤µ¢ ¶µ¤ ¤¥°¸É¢¨¥³
µ¤´µÎ ¸É¨Î´ÒÌ ¶µ²¥°.

‚ ´ ¸ÉµÖÐ¥° · ¡µÉ¥ ¨§² £ ¥É¸Ö ¸µ¤¥·¦ ´¨¥ ¨ ·Ö¤ ¶·¨²µ¦¥´¨° ¶µ¤Ìµ¤ ,
Ö¢²ÖÕÐ¥£µ¸Ö ¢ µ¶·¥¤¥²¥´´µ³ ¸³Ò¸²¥ ¶·µ³¥¦ÊÉµÎ´Ò³ ³¥¦¤Ê Ë¥´µ³¥´µ²µ£¨-
Î¥¸±¨³¨ ¨ ³¨±·µ¸±µ¶¨Î¥¸±¨³¨ ¶µ¤Ìµ¤ ³¨ ¨ ¶µÉµ³Ê ´ §¢ ´´µ£µ ¶µ²Ê-
³¨±·µ¸±µ¶¨Î¥¸±¨³. ‘ÊÉÓ ¤ ´´µ£µ ¶µ¤Ìµ¤ , ¶·¥¤²µ¦¥´´µ£µ ¢ · ¡µÉ Ì [24, 48]
¨ · §¢¨Éµ£µ ¢ ¶µ¸²¥¤ÊÕÐ¨Ì · ¡µÉ Ì [49Ä53], § ±²ÕÎ ¥É¸Ö ¢ ¨¸¶µ²Ó§µ¢ ´¨¨
¶·¨¡²¨¦¥´¨Ö ¸²ÊÎ °´µ° Ë §Ò ¤²Ö µ¶¨¸ ´¨Ö Ëµ·³¨·ÊÕÐ¨Ì ƒ
 ±µ´Ë¨£Ê· -
Í¨° É¨¶  Î ¸É¨Í  Ä ¤Ò·±  ¨ Ë¥´µ³¥´µ²µ£¨Î¥¸±µ³ µ¶¨¸ ´¨¨ ¸¢Ö§¨ Ê± § ´-
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´ÒÌ ±µ´Ë¨£Ê· Í¨° ¸ ³´µ£µÎ ¸É¨Î´Ò³¨. ‚ ¡µ²ÓÏ¨´¸É¢¥ ¶·¨²µ¦¥´¨° ¶µ¤Ìµ¤ 
Ê± § ´´ Ö ¸¢Ö§Ó µ¶¨¸Ò¢ ¥É¸Ö ¢ É¥·³¨´ Ì ³´¨³µ° Î ¸É¨ µ¶É¨Î¥¸±µ£µ ¶µÉ¥´-
Í¨ ²  ¤²Ö Î ¸É¨Í ¨ ¤Ò·µ±. �¨µ´¥·¸±µ° §¤¥¸Ó Ö¢²Ö¥É¸Ö · ¡µÉ  [22], ¢ ±µ-
Éµ·µ° ¢ ¶·¨³¥´¥´¨¨ ± µ¶¨¸ ´¨Õ ¸¨²µ¢µ° ËÊ´±Í¨¨ E1 ƒ
 Ê· ¢´¥´¨Ö �‘”
·¥Ï ²¨¸Ó ´  µ£· ´¨Î¥´´µ³ (¤¨¸±·¥É´µ³ ¨ ±¢ §¨¤¨¸±·¥É´µ³) ¡ §¨¸¥ Î ¸É¨Î´µ-
¤Ò·µÎ´ÒÌ ±µ´Ë¨£Ê· Í¨°. �·¨ ÔÉµ³  ¢Éµ· ³ Ê¤ ²µ¸Ó ¨§¡¥¦ ÉÓ ¢¢¥¤¥´¨Ö ³´¨-
³µ£µ ¶µÉ¥´Í¨ ²  ¢ Ê· ¢´¥´¨Ö �‘”. ’ ±µ¥ ¢¢¥¤¥´¨¥ µ± § ²µ¸Ó ®¶² Éµ°¯ § 
ÊÎ¥É µ¤´µÎ ¸É¨Î´µ£µ ±µ´É¨´ÊÊ³  ¢ Ê· ¢´¥´¨ÖÌ �‘” ¶·¨ µ¶¨¸ ´¨¨ ¸¨²µ¢ÒÌ
ËÊ´±Í¨° ¢ µ±·¥¸É´µ¸É¨ ³ ±¸¨³Ê³  ƒ
 [24,25]. ˆ§¡¥¦ ÉÓ ¨¸¶µ²Ó§µ¢ ´¨Ö ³´¨-
³µ£µ ¶µÉ¥´Í¨ ²  ¢ Ê· ¢´¥´¨ÖÌ �‘” µ± § ²µ¸Ó ¢µ§³µ¦´Ò³ ¢ ¤¢ÊÌ ¸²ÊÎ ÖÌ:
¶·¨ µ¶¨¸ ´¨¨ ¢±² ¤  ¢ ²¥´É´µ£µ ³¥Ì ´¨§³  ¢ ¸¨²µ¢ÊÕ ËÊ´±Í¨Õ Sγ(ω) ¤²Ö
E1-¶¥·¥Ìµ¤µ¢ [55] ¨ ¶·¨ µ¶¨¸ ´¨¨ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì ®Ì¢µ¸Éµ¢¯ ƒ

[48Ä54]. ’ ±µ¥ µ¶¨¸ ´¨¥, ± ± Ê± § ´µ ¢ÒÏ¥, Ö¢²Ö¥É¸Ö ´¥µ¡Ìµ¤¨³Ò³ ¤²Ö ¨´-
É¥·¶·¥É Í¨¨ ¸¨²µ¢ÒÌ ËÊ´±Í¨° c− s- ¨ c− c′-¶¥·¥Ìµ¤µ¢.

‚ · §¤. 2 ¶·¨¢¥¤¥´Ò µ¸´µ¢´Ò¥ ¸µµÉ´µÏ¥´¨Ö ¶µ²Ê³¨±·µ¸±µ¶¨Î¥¸±µ£µ ¶µ¤-
Ìµ¤  ¨ ¥£µ É¥³¶¥· ÉÊ·´µ° ¢¥·¸¨¨. ‚ · §¤. 3 ¤ ´Ò · ¸Î¥É´Ò¥ Ëµ·³Ê²Ò ¤²Ö
¸¨²µ¢ÒÌ ËÊ´±Í¨° c − s- ¨ c − c′-¶¥·¥Ìµ¤µ¢. ‚Ò¡µ· ¶ · ³¥É·µ¢ ³µ¤¥²¨, ·¥-
§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ¨ ¸· ¢´¥´¨¥ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¤²Ö ·Ö¤  Ö¤¥·
¶·¨¢¥¤¥´Ò ¢ · §¤. 4. ‚ § ±²ÕÎ¥´¨¨ µ¡¸Ê¦¤ ÕÉ¸Ö ¶µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ,  
É ±¦¥ ¶¥·¸¶¥±É¨¢Ò ¤ ²Ó´¥°Ï¨Ì ¨¸¸²¥¤µ¢ ´¨°.

2. 	‘�	‚�›… �	‹	†…�ˆŸ
�	‹“ŒˆŠ�	‘Š	�ˆ—…‘Š	ƒ	 �	„•	„�

2.1. 	¶·¥¤¥²¥´¨Ö. �µ²Ö·¨§Ê¥³µ¸ÉÓ Ö¤· , ´ Ìµ¤ÖÐ¥£µ¸Ö ¢ ´¥±µÉµ·µ³ ¸µ-
¸ÉµÖ´¨¨ |i〉 ¸ Ô´¥·£¨¥° Ei ¶µ¤ ¤¥°¸É¢¨¥³ ¸² ¡µ£µ ¶¥·¨µ¤¨Î¥¸±µ£µ ¢µ ¢·¥³¥´¨
¶µ²Ö V̂ exp(−iω

�
t) + (h.c.), · ¢´ 

PV (ω) =
∑
c

|(V̂ )ci|
2
[

1
ω − Ec + Ei + iδ

− 1
ω + Ec − Ei − iδ

]
, (3)

£¤¥ ¨´¤¥±¸ c ´Ê³¥·Ê¥É ¸µ¸ÉµÖ´¨Ö Ö¤·  |c〉 ¸ Ô´¥·£¨¥° E.
‘¨²µ¢ Ö ËÊ´±Í¨Ö, µÉ¢¥Î ÕÐ Ö Ê± § ´´µ³Ê ¶µ²Õ, ¶·µ¶µ·Í¨µ´ ²Ó´  ³´¨-

³µ° Î ¸É¨ ¶µ²Ö·¨§Ê¥³µ¸É¨

SV (ω) = − 1
π
ImPV (ω) (4)

¨ µ¶·¥¤¥²Ö¥É ¢¥·µÖÉ´µ¸ÉÓ ¢µ§¡Ê¦¤¥´¨Ö Ö¤·  ¢´¥Ï´¨³ ¶µ²¥³ V̂ ¢ ¥¤¨´¨Î´Ò°
Ô´¥·£¥É¨Î¥¸±¨° ¨´É¥·¢ ² ¢¡²¨§¨ Ô´¥·£¨¨ Ei + ω. �·¨ ¡µ²ÓÏ¨Ì Ô´¥·£¨ÖÌ
¢µ§¡Ê¦¤¥´¨Ö ¨³¥¥É ¸³Ò¸² · ¸¸³ É·¨¢ ÉÓ Ê¸·¥¤´¥´´ÊÕ ¶µ Ô´¥·£¥É¨Î¥¸±µ³Ê
¨´É¥·¢ ²Ê I 	 dc ¸¨²µ¢ÊÕ ËÊ´±Í¨Õ Š‘
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SV (ω) = |(V̂ )c0|2d−1
c , (5)

£¤¥ Î¥·É  µ¡µ§´ Î ¥É Ê± § ´´µ¥ Ê¸·¥¤´¥´¨¥, d−1
c Å ¶²µÉ´µ¸ÉÓ ¸µ¸ÉµÖ´¨° ¶·¨

Ô´¥·£¨¨ Ei + ω.
2.2. ‘¨²µ¢Ò¥ ËÊ´±Í¨¨ ƒ� ¢ · ³± Ì �‘”. Š ± Ê± § ´µ ¢µ ¢¢¥¤¥´¨¨,

¸ÊÐ¥¸É¢¥´´Ò³ Ô²¥³¥´Éµ³ ¶µ²Ê³¨±·µ¸±µ¶¨Î¥¸±µ£µ ¶µ¤Ìµ¤  Ö¢²Ö¥É¸Ö ¨¸¶µ²Ó-
§µ¢ ´¨¥ �‘” ¤²Ö µ¶¨¸ ´¨Ö ±µ´Ë¨£Ê· Í¨° É¨¶  Î ¸É¨Í  Ä ¤Ò·± . ”µ·³Ê²¨-
·µ¢±  �‘” ¢ É¥·³¨´ Ì ËÊ´±Í¨¨ ƒ·¨´  Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥· , µ¶¨¸Ò¢ Õ-
Ð¥£µ ¤¢¨¦¥´¨¥ ´Ê±²µ´  ¢ ¸·¥¤´¥³ ¶µ²¥ Ö¤· , ¶µ§¢µ²Ö¥É ¢±²ÕÎ¨ÉÓ ¢ · ¸¸³µ-
É·¥´¨¥ ¶µ²´Ò° ¡ §¨¸ Î ¸É¨Î´µ-¤Ò·µÎ´ÒÌ ±µ´Ë¨£Ê· Í¨°. �ÉµÉ ¢ ·¨ ´É �‘”
´ §Ò¢ ÕÉ ¶·¨¡²¨¦¥´¨¥³ ¸²ÊÎ °´µ° Ë §Ò ¸ ÉµÎ´Ò³ ÊÎ¥Éµ³ µ¤´µÎ ¸É¨Î´µ£µ
±µ´É¨´ÊÊ³  (Š�‘”). ˆ¸¶µ²Ó§µ¢ ´¨¥ Š�‘” ± ± Ô²¥³¥´Éa ¶µ²Ê³¨±·µ¸±µ¶¨-
Î¥¸±µ£µ ¶µ¤Ìµ¤  ¶µ§¢µ²Ö¥É µ¶¨¸Ò¢ ÉÓ Î ¸É¨Î´µ-¤Ò·µÎ´Ò¥ ¢µ§¡Ê¦¤¥´¨Ö ¶·¨
Ô´¥·£¨ÖÌ, ¸ÊÐ¥¸É¢¥´´µ µÉ²¨Î ÕÐ¨Ì¸Ö µÉ ¨Ì ·¥ ²Ó´ÒÌ µ¡µ²µÎ¥Î´ÒÌ §´ Î¥´¨°
(¨²¨, ¤·Ê£¨³¨ ¸²µ¢ ³¨, ÊÎ¨ÉÒ¢ ÉÓ §´ Î¨É¥²Ó´Ò° ®¸Ìµ¤ ±¢ §¨Î ¸É¨Í ¸ ³ ¸¸µ-
¢µ° ¶µ¢¥·Ì´µ¸É¨¯). �¨¦¥ Ê· ¢´¥´¨Ö Š�‘” ¶·¨¢¥¤¥´Ò ¢ Ëµ·³¥, ¶·¨´ÖÉµ°
¢ É¥µ·¨¨ ±µ´¥Î´ÒÌ Ë¥·³¨-¸¨¸É¥³ [21]. —Éµ¡Ò ¶µ ¢µ§³µ¦´µ¸É¨ Ê¶·µ¸É¨ÉÓ
¨§²µ¦¥´¨¥, ¢ ÔÉµ³ · §¤¥²¥ Ê± § ´´Ò¥ Ê· ¢´¥´¨Ö ¶·¨¢¥¤¥´Ò ¢ ¸Ì¥³ É¨Î¥¸±µ³
¢¨¤¥. 
 ¸Î¥É´Ò¥ Ëµ·³Ê²Ò ¤²Ö ´ ¡²Õ¤ ¥³ÒÌ ¢¥²¨Î¨´, ¶µ²ÊÎ¥´´Ò¥ ´  µ¸´µ¢¥
ÔÉ¨Ì ¸µµÉ´µÏ¥´¨°, ¶·¨¢¥¤¥´Ò ¢ · §¤. 3.

‚ · ³± Ì �‘” ¶µ²Ö·¨§Ê¥³µ¸ÉÓ ¨ ¸¨²µ¢ Ö ËÊ´±Í¨Ö, µÉ¢¥Î ÕÐ¨¥ µ¤´µ-
Î ¸É¨Î´µ³Ê ¶µ²Õ V̂ =

∑
a
V (xa) (xa Å ¸µ¢µ±Ê¶´µ¸ÉÓ ±µµ·¤¨´ É ´Ê±²µ´ ,

¢±²ÕÎ Ö ¸¶¨´µ¢Ò¥ ¨ ¨§µ¸¶¨´µ¢Ò¥ ¶¥·¥³¥´´Ò¥), · ¢´Ò

P
(0)
V =

∫
V (x)A(0)(x, x′;ω)Ṽ (x′, ω)dxdx′ ; S(0)

V (ω) = − 1
π
ImP (0)

V (ω). (6)

‡¤¥¸Ó A(0)(x, x′;ω) Å ¸¢µ¡µ¤´ Ö ËÊ´±Í¨Ö µÉ±²¨±  (Î ¸É¨Î´µ-¤Ò·µÎ´Ò° ¶·µ-
¶ £ Éµ·), Ṽ (x′, ω) Å ÔËË¥±É¨¢´µ¥ ¶µ²¥, µÉ²¨Î ÕÐ¥¥¸Ö µÉ ¢´¥Ï´¥£µ §  ¸Î¥É
¶µ²Ö·¨§ Í¨µ´´ÒÌ ÔËË¥±Éµ¢, µ¡Ê¸²µ¢²¥´´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨¥³ ±¢ §¨Î ¸É¨Í ¢
± ´ ²¥ Î ¸É¨Í  Ä ¤Ò·±  F (x, x′). “· ¢´¥´¨¥ ¤²Ö ÔËË¥±É¨¢´µ£µ ¶µ²Ö ¨³¥¥É ¢¨¤

Ṽ (x, ω) = V (x) +
∫
F (x, x1;ω)A(0)(x1, x2;ω)Ṽ (x2, ω)dx1dx2. (7)

�·¨ · ¸¸³µÉ·¥´¨¨ § ¤ Î, ¸¢Ö§ ´´ÒÌ ¸ ¢Ò²¥Éµ³ ´Ê±²µ´  ¨²¨ ¸µ §´ Î¨É¥²Ó´Ò³
®¸Ìµ¤µ³ ±¢ §¨Î ¸É¨Í ¸ ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨¯, Ê¤µ¡´µ ¨¸¶µ²Ó§µ¢ ÉÓ  ²ÓÉ¥·-
´ É¨¢´µ¥ ¶·¥¤¸É ¢²¥´¨¥ ¤²Ö ¸¨²µ¢µ° ËÊ´±Í¨¨, ±µÉµ·µ¥ ¸²¥¤Ê¥É ¨§ (6), (7):

S
(0)
V (ω) = − 1

π
Im

∫
Ṽ +(x, ω)A(0)(x, x′;ω)Ṽ (x′, ω)dxdx′. (8)

�Ê¸ÉÓ H(x) = T + U(x) Å µ¤´µÎ ¸É¨Î´Ò° £ ³¨²ÓÉµ´¨ ´, £¤¥ U(x) Å
¸·¥¤´¥¥ ¶µ²¥ Ö¤· ; φν(x) Å ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ ¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨° ´Ê-
±²µ´  ¸ Ô´¥·£¨¥° εν , Ê¤µ¢²¥É¢µ·ÖÕÐ¨¥ Ê· ¢´¥´¨Õ (H(x) − εν)φν(x) = 0,
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g(0)(x, x′; ε) Å ËÊ´±Í¨Ö ƒ·¨´  ÔÉµ£µ Ê· ¢´¥´¨Ö: (H(x) − ε)g(0)(x, x′; ε) =
= −δ(x − x′). ˆ¸¶µ²Ó§µ¢ ´¨¥ ËÊ´±Í¨¨ ƒ·¨´  g(0) ¶µ§¢µ²Ö¥É ÊÎ¥¸ÉÓ ¶µ²´Ò°
¡ §¨¸ Î ¸É¨Î´µ-¤Ò·µÎ´ÒÌ ±µ´Ë¨£Ê· Í¨°, Ëµ·³¨·ÊÕÐ¨Ì ËÊ´±Í¨Õ µÉ±²¨± 
A(0) (· ¸¸³ É·¨¢ ÕÉ¸Ö Ö¤·  ¡¥§ ¸¶ ·¨¢ ´¨Ö ´Ê±²µ´µ¢):

A(0)(x1, x2;ω) =
∑
ν

nνφ
∗
ν(x1)φν(x2)(g0(x1, x2; εν + ω) + (9)

+g0(x1, x2; εν − ω)),
£¤¥ nν Å Î¨¸²  § ¶µ²´¥´¨Ö µ¤´µÎ ¸É¨Î´ÒÌ ¸µ¸ÉµÖ´¨°, ¶·¨Î¥³ Ì¨³¶µÉ¥´Í¨ ²
µ µ¶·¥¤¥²Ö¥É¸Ö Ê¸²µ¢¨¥³

∑
ν
nν = N .

‚ § ¤ Î Ì, £¤¥ ¸ÊÐ¥¸É¢µ¢ ´¨¥³ µ¤´µÎ ¸É¨Î´µ£µ ±µ´É¨´ÊÊ³  ¶·¥´¥¡·¥£ -
¥É¸Ö, É.¥. ¡ §¨¸ Î ¸É¨Î´µ-¤Ò·µÎ´ÒÌ ±µ´Ë¨£Ê· Í¨° µ£· ´¨Î¥´ Éµ²Ó±µ ¸µ¸ÉµÖ-
´¨Ö³¨ ¤¨¸±·¥É´µ£µ (¨ ±¢ §¨¤¨¸±·¥É´µ£µ) ¸¶¥±É· , ¨¸¶µ²Ó§ÊÕÉ  ²ÓÉ¥·´ É¨¢´µ¥
¶·¥¤¸É ¢²¥´¨¥ ¸¢µ¡µ¤´µ° ËÊ´±Í¨¨ µÉ±²¨±  (λ-¶·¥¤¸É ¢²¥´¨¥):

A(0)(x1, x2;ω) =
∑
ν,λ

φ∗λ(x1)φλ(x2)φ∗ν(x2)φν(x1)A
(0)
λ,ν ; (10)

A
(0)
λν =

nλ − nν
ελ − εν − ω

.

‡ ³¥É¨³, ÎÉµ ¥¸²¨ ¡ §¨¸ ¸µ¸ÉµÖ´¨° φν ¶µ²´Ò°, É.¥. ¢±²ÕÎ ¥É ¨ ¢¸¥ ¸µ¸Éµ-
Ö´¨Ö ´¥¶·¥·Ò¢´µ£µ ¸¶¥±É· , Éµ ¶·¥¤¸É ¢²¥´¨¥ (10) Ö¢²Ö¥É¸Ö ÉµÎ´Ò³ ¨ Ô±¢¨¢ -
²¥´É´Ò³ ¢Ò· ¦¥´¨Õ (9) ¢ ¸¨²Ê ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ¸¶¥±É· ²Ó´µ£µ ¶·¥¤¸É ¢²¥-
´¨Ö ¤²Ö ËÊ´±Í¨¨ ƒ·¨´  g0(x1, x2; ε). ˆ´µ£¤  Ê¤µ¡´µ É ±¦¥ ¨¸¶µ²Ó§µ¢ ÉÓ ¤²Ö

A
(0)
λν ¢ (10) ¶·¥¤¸É ¢²¥´¨¥, ¢ ±µÉµ·µ³ Ö¢´µ ¢¢¥¤¥´Ò Ô´¥·£¨¨ µ¤´µÎ ¸É¨Î´ÒÌ ¨

µ¤´µ¤Ò·µÎ´ÒÌ ¢µ§¡Ê¦¤¥´¨°:

A
(0)
λ,ν = −

{
(1− nλ)nν
Eλ + Eν − ω

+
(1 − nλ)nν
Eλ + Eν + ω

}
, (11)

£¤¥ Eν,λ = |εν,λ − µ|. ’µ²Ó±µ ¶¥·¢µ¥ ¸² £ ¥³µ¥ ¢ ÔÉµ³ ¶·¥¤¸É ¢²¥´¨¨ ¨³¥¥É
¶µ²Õ¸ ¶µ ¶¥·¥³¥´´µ° ω.

2.3. 	¶É¨±µ³µ¤¥²Ó´µ¥ µ¶¨¸ ´¨¥ § ÉÊÌ ´¨Ö µ¤´µ- ¨ ¤¢ÊÌ±¢ §¨Î ¸É¨Î´ÒÌ
¢µ§¡Ê¦¤¥´¨°. ”µ·³ ²¨§³ µ¤´µÎ ¸É¨Î´ÒÌ ËÊ´±Í¨° ƒ·¨´  ¤²Ö Ë¥·³¨-¸¨¸É¥³
µ± § ²¸Ö Ê¤µ¡´Ò³ ¤²Ö ¶¥·¥Ìµ¤  ± µ¶¨¸ ´¨Õ § ÉÊÌ ´¨Ö µ¤´µ±¢ §¨Î ¸É¨Î´ÒÌ
¢µ§¡Ê¦¤¥´¨° ¢ É¥·³¨´ Ì µ¶É¨Î¥¸±µ° ³µ¤¥²¨. “¸·¥¤´¥´¨¥ ¶µ Ô´¥·£¨¨ Ê· ¢´¥-
´¨Ö „ °¸µ´  ¤²Ö Ê± § ´´µ° ¢¥²¨Î¨´Ò ¶·¨¢µ¤¨É ± Ê· ¢´¥´¨Õ ¤²Ö µ¶É¨±µ³µ-
¤¥²Ó´µ° ËÊ´±Í¨¨ ƒ·¨´  g(x, x′; ε) ¶·¨ ¤µ¸É ÉµÎ´µ µ¡Ð¨Ì ¶·¥¤¶µ²µ¦¥´¨ÖÌ µ
¸¢µ°¸É¢ Ì ³ ¸¸µ¢µ£µ µ¶¥· Éµ· . ‚ λ-¶·¥¤¸É ¢²¥´¨¨ ÔÉµÉ ¶¥·¥Ìµ¤ µ¸ÊÐ¥¸É¢²¥´
¢ [22], ¢ ±µµ·¤¨´ É´µ³ ¶·¥¤¸É ¢²¥´¨¨ Å ¢ [25]. ‚ ¶µ¸²¥¤´¥³ ¸²ÊÎ ¥ Ê· ¢´¥-
´¨¥ ¤²Ö ËÊ´±Í¨¨ g ¨³¥¥É ¢¨¤

(H(x) − iW (ε− µ)fw(x)− ε)g(x, x′; ε) = −δ(x− x′);
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W (ε− µ) = w(|ε− µ|)sgn(ε− µ), (12)

£¤¥ W (x, ε) Å ³´¨³ Ö Î ¸ÉÓ µ¶É¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ² , W (ε − µ) ¨ fw(x) Å
¸µµÉ¢¥É¸É¢¥´´µ, ¥¥ ¨´É¥´¸¨¢´µ¸ÉÓ ¨ Ëµ·³Ë ±Éµ·. „²Ö µ¶¨¸ ´¨Ö § ÉÊÌ ´¨Ö
Î ¸É¨Í (¤Ò·µ±) Ê¤µ¡´µ ¢¢¥¸É¨ ËÊ´±Í¨Õ ƒ·¨´  g(p)(ε) (g(h)(ε)), Ê¤µ¢²¥É¢µ·Ö-
ÕÐÊÕ Ê· ¢´¥´¨Õ (12), ¢ ±µÉµ·µ³ W (ε − µ) → W (p)(ε − µ) (W (ε − µ) →
→ W (h)(ε− µ)), £¤¥

W (p)(ε− µ) = w(| ε− µ |)(1 − θ(ε− µ));

W (h)(ε− µ) = −w(| ε− µ |)θ(ε − µ). (13)

‡¤¥¸Ó θ(x < 0) = 1, θ(x > 0) = 0. ”¨§¨Î¥¸±¨° ¸³Ò¸² ¶·¥¤¸É ¢²¥´¨Ö (13)
§ ±²ÕÎ ¥É¸Ö ¢ Éµ³, ÎÉµ Î ¸É¨ÍÒ ³µ£ÊÉ § ÉÊÌ ÉÓ Éµ²Ó±µ ¶·¨ ε > µ,   ¤Ò·±¨ Å
¶·¨ ε < µ.

‚¡²¨§¨ ¸¢Ö§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö, É.¥. ¢ ¨´É¥·¢ ²¥ |ε − ελ| � D(λ), £¤¥
D(λ) Å · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê ¸µ¸¥¤´¨³¨ µ¤´µÎ ¸É¨Î´Ò³¨ Ê·µ¢´Ö³¨ ¸ µ¤¨´ -
±µ¢Ò³¨ §´ Î¥´¨Ö³¨ Ê£²µ¢µ£µ ³µ³¥´É  ¨ Î¥É´µ¸É¨), ¨§ Ê· ¢´¥´¨Ö (12) ¸²¥¤Ê¥É
λ-¶·¥¤¸É ¢²¥´¨¥ ¤²Ö µ¶É¨±µ³µ¤¥²Ó´µ° ËÊ´±Í¨¨ ƒ·¨´ :

g(x, x′; ε) � χλ(x)χλ(x′)

ε− ελ +
i

2
Γ↓(p,h)
λ (ε− µ)sgn(ε− µ)

,

Γ↓(p,h)
λ (ε− µ) =W (p,h)(ε− µ)sgn(ε− µ)

∫
χ2
λ(x)fw(x)dx. (14)

‚¥²¨Î¨´  Γ↓(p,h)
λ (ε− µ) ¨³¥¥É ¸³Ò¸² Ï¨·¨´Ò § ÉÊÌ ´¨Ö ±¢ §¨Î ¸É¨Í §  ¸Î¥É

¨Ì ¸¢Ö§¨ ¸ ³´µ£µÎ ¸É¨Î´Ò³¨ ±µ´Ë¨£Ê· Í¨Ö³¨. �·¥¤¸É ¢²¥´¨¥ (14) ¸¶· ¢¥¤-
²¨¢µ ¨ ¢¡²¨§¨ ±¢ §¨¸¢Ö§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö ¶·¨ Ê¸²µ¢¨¨, ÎÉµ Ï¨·¨´  ÔÉµ£µ
¸µ¸ÉµÖ´¨Ö ¤²Ö · ¸¶ ¤  ¢ ±µ´É¨´ÊÊ³ Γ↑

λ ³´µ£µ ³¥´ÓÏ¥ Ï¨·¨´Ò Γ↓
λ. „²Ö ¶·¨-

²µ¦¥´¨° ¶µ²Ê³¨±·µ¸±µ¶¨Î¥¸±µ£µ ¶µ¤Ìµ¤ , · ¸¸³µÉ·¥´´ÒÌ ¢ ¤ ´´µ³ µ¡§µ·¥,
ÔÉµ Ê¸²µ¢¨¥ ¶·¥¤¶µ² £ ¥É¸Ö ¢Ò¶µ²´¥´´Ò³.

“Î¥É ¢ ¸·¥¤´¥³ ¶µ Ô´¥·£¨¨ ¸¢Ö§¨ Î ¸É¨Î´µ-¤Ò·µÎ´ÒÌ ±µ´Ë¨£Ê· Í¨° ¸
³´µ£µ±¢ §¨Î ¸É¨Î´Ò³¨ ¶·¨¢µ¤¨É ± ³µ¤¨Ë¨± Í¨¨ ¸·¥¤´¥£µ Î ¸É¨Î´µ-¤Ò·µÎ´µ-
£µ ¶·µ¶ £ Éµ· . “¸É ´µ¢¨ÉÓ ÔÉÊ ¸¢Ö§Ó ³µ¦´µ ´  µ¸´µ¢¥ µ¶·¥¤¥²¥´¨Ö ÉµÎ´µ£µ
Î ¸É¨Î´µ-¤Ò·µÎ´µ£µ ¶·µ¶ £ Éµ·  ± ± ¸¢¥·É±¨ ¤¢ÊÌ µ¤´µÎ ¸É¨Î´ÒÌ ËÊ´±Í¨°
ƒ·¨´  ¤²Ö Ë¥·³¨-¸¨¸É¥³. ‘µµÉ¢¥É¸É¢ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¢ λ-¶·¥¤¸É ¢²¥´¨¨,
¶µ²ÊÎ¥´´µ¥ ¢ · ¡µÉ¥ [22], ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´µ ¢ ¢¨¤¥ ¸²¥¤ÊÕÐ¥° ³µ¤¨-
Ë¨± Í¨¨ Ëµ·³Ê²Ò (11):

A
(0)
λ,ν → Aλ,ν = −

{
(1− nλ)nν

Eλ + Eν − ω − i
2Γ

↓
νλ(ω)

+
(1 − nλ)nν
Eλ + Eν + ω

}
, (15)
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£¤¥ Γ↓
νλ(ω) = Γ↓(h)

ν (Eλ − ω) + Γ↓(p)
λ (ω − Eν) Å Ï¨·¨´  § ÉÊÌ ´¨Ö Î ¸É¨Î´µ-

¤Ò·µÎ´µ° ±µ´Ë¨£Ê· Í¨¨ λν−1. ‚Ò· ¦¥´¨¥ (15) ¸¶· ¢¥¤²¨¢µ ¶·¨ |Eλ +Eν−
−ω| � D ¢¢¨¤Ê µ£· ´¨Î¥´¨Ö ´  ¶·¨³¥´¨³µ¸ÉÓ ¶µ²Õ¸´µ£µ ¶·¥¤¸É ¢²¥´¨Ö (14)
¤²Ö ¸·¥¤´¥° µ¤´µÎ ¸É¨Î´µ° ËÊ´±Í¨¨ ƒ·¨´ . Š·µ³¥ Éµ£µ, ¸Ê³³¨·µ¢ ´¨¥ ¶µ
¸µ¸ÉµÖ´¨Ö³ ´¥¶·¥·Ò¢´µ£µ ¸¶¥±É·  ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ (15) Ë ±É¨Î¥¸±¨ ³µ¦¥É
¡ÒÉÓ ¶·µ¢¥¤¥´µ ²¨ÏÓ ¸ ÊÎ¥Éµ³ µ£· ´¨Î¥´´µ£µ ¡ §¨¸  ±¢ §¨¸É Í¨µ´ ·´ÒÌ ¸µ-
¸ÉµÖ´¨°. ‚ · ³± Ì ÔÉ¨Ì ¶·¨¡²¨¦¥´¨° ³µ¦´µ · ¸¸Î¨É ÉÓ ¸¨²µ¢ÊÕ ËÊ´±Í¨Õ
ƒ
 ´  µ¸´µ¢¥ ¸µµÉ´µÏ¥´¨° (6), (7) ¸ ÊÎ¥Éµ³ § ³¥´Ò (15). �·¨³¥· É ±µ£µ
· ¸Î¥É  ¢ ¶·¨³¥´¥´¨¨ ± E1 ƒ
 ¤ ´ ¢ [22].

„²Ö ¶·µ¨§¢µ²Ó´µ° Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ω ´¥ Ê¤ ¥É¸Ö ´ °É¨ § ³±´ÊÉµ£µ
¢Ò· ¦¥´¨Ö ¤²Ö ¸·¥¤´¥£µ Î ¸É¨Î´µ-¤Ò·µÎ´µ£µ ¶·µ¶ £ Éµ·  ¢ É¥·³¨´ Ì µ¶É¨-
Î¥¸±µ° ³µ¤¥²¨ ¸ ÉµÎ´Ò³ ÊÎ¥Éµ³ µ¤´µÎ ¸É¨Î´µ£µ ±µ´É¨´ÊÊ³ . �¥ ¢¶µ²´¥ ±µ·-
·¥±É´µ¥ ¢Ò· ¦¥´¨¥, ´ °¤¥´´µ¥ ¢ [25], ¶µ²ÊÎ ¥É¸Ö ¨§ (9) ¶ÊÉ¥³ ¸²¥¤ÊÕÐ¥°
§ ³¥´Ò:

A(0)(x, x′;ω) → A(x, x′;ω), g(0)(x, x′; εν + ω) → g(x, x′; εν + ω). (16)

‡¤¥¸Ó µ¶É¨±µ³µ¤¥²Ó´ Ö ËÊ´±Í¨Ö ƒ·¨´  ¢ÒÎ¨¸²Ö¥É¸Ö ¤²Ö ®¸Ê³³ ·´µ£µ¯ §´ -
Î¥´¨Ö ¨´É¥´¸¨¢´µ¸É¨ ³´¨³µ° Î ¸É¨ µ¶É¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ² , ¢±²ÕÎ ÕÐ¥£µ
¢±² ¤ § ÉÊÌ ´¨Ö ± ± Î ¸É¨Í, É ± ¨ ¤Ò·µ±: WΣ =W (p)(εν+ω−µ)−W (h)(εν−
−µ). ‚Ò¶µ²´¥´´Ò¥ ´  µ¸´µ¢¥ ¸µµÉ´µÏ¥´¨° (6), (7) ¸ ÊÎ¥Éµ³ § ³¥´Ò (16) · ¸-
Î¥ÉÒ ¸¨²µ¢ÒÌ ËÊ´±Í¨° · §²¨Î´ÒÌ ƒ
 ¤²Ö Ö¤¥· ¢ Ï¨·µ±µ³ ¨´É¥·¢ ²¥  Éµ³´ÒÌ
³ ¸¸ ¶µ± § ²¨, ÎÉµ ´ ¡²Õ¤ ¥³Ò¥ ¶µ²´Ò¥ Ï¨·¨´Ò ƒ
 ¢µ¸¶·µ¨§¢µ¤ÖÉ¸Ö ¶·¨ ¨¸-
¶µ²Ó§µ¢ ´¨¨ µÉ´µ¸¨É¥²Ó´µ ¸² ¡µ° Ô´¥·£¥É¨Î¥¸±µ° § ¢¨¸¨³µ¸É¨ W (x, ε) [25].
�ÉµÉ ¢Ò¢µ¤ ¸µ£² ¸Ê¥É¸Ö ¸ ·¥§Ê²ÓÉ É ³¨  ´ ²¨§  µ¶É¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ² , ¸¤¥-
² ´´µ£µ ´  µ¸´µ¢¥ µ¶¨¸ ´¨Ö ¡µ²ÓÏµ£µ µ¡Ñ¥³  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ
´Ê±²µ´-Ö¤¥·´µ³Ê · ¸¸¥Ö´¨Õ [56].

2.4. ‚ ²¥´É´Ò° ³¥Ì ´¨§³ Ëµ·³¨·µ¢ ´¨Ö ¸¨²µ¢ÒÌ ËÊ´±Í¨°. Š ¢ ²¥´É-
´Ò³ µÉ´µ¸ÖÉ c − s-¶¥·¥Ìµ¤Ò, µ¶·¥¤¥²Ö¥³Ò¥ É ±µ° Î ¸É¨Î´µ-¤Ò·µÎ´µ° ±µ´-
Ë¨£Ê· Í¨¥°, ±µÉµ· Ö ¸² ¡µ ¸¢Ö§ ´  ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³ ƒ
. �·¨³¥·µ³ §¤¥¸Ó
Ö¢²ÖÕÉ¸Ö E1 c − s-¶¥·¥Ìµ¤Ò ¢ Ö¤· Ì, ¶·¨´ ¤²¥¦ Ð¨Ì s- ¨²¨ p-·¥§µ´ ´¸ ³
Ëµ·³Ò, ±µ£¤  s- ¨²¨ p-µ¤´µÎ ¸É¨Î´Ò¥ Ê·µ¢´¨ ¨³¥ÕÉ ¡²¨§±ÊÕ ± ´Ê²Õ Ô´¥·-
£¨Õ (ελ � 0). ‚ · ³± Ì ¶µ²Ê³¨±·µ¸±µ¶¨Î¥¸±µ£µ ¶µ¤Ìµ¤  ¢Ò· ¦¥´¨¥ ¤²Ö
¸µµÉ¢¥É¸É¢ÊÕÐ¥° Î ¸É¨ ¸¨²µ¢µ° ËÊ´±Í¨¨ ƒ
 ¸²¥¤Ê¥É ¨§ ¸µµÉ´µÏ¥´¨° (6), (7)
¸ ÊÎ¥Éµ³ § ³¥´Ò (16) [55]:

Sλν(ω) = − 1
π
nν Im

∫
φ∗ν(x)Ṽ

+(x, ω)g(x, x′; εν + ω)Ṽ (x′, ω)φ∗ν(x
′)dxdx′.

(17)

‡¤¥¸Ó ν Å ±¢ ´Éµ¢Ò¥ Î¨¸²  µ¤´µ¤Ò·µÎ´µ£µ ¸µ¸ÉµÖ´¨Ö ¢¡²¨§¨ Ô´¥·£¨¨ ”¥·³¨,
nν ¨³¥¥É ¸³Ò¸² ¸¶¥±É·µ¸±µ¶¨Î¥¸±µ£µ Ë ±Éµ·  ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö, ³´¨³ Ö Î ¸ÉÓ
µ¶É¨±µ³µ¤¥²Ó´µ° ËÊ´±Í¨¨ ƒ·¨´  µ¶·¥¤¥²Ö¥É¸Ö ¢¥²¨Î¨´µ°WΣ→W (p)(εν+ω),
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µ¶¨¸Ò¢ ÕÐ¥° § ÉÊÌ ´¨¥ Éµ²Ó±µ µ¤´µÎ ¸É¨Î´ÒÌ ¸µ¸ÉµÖ´¨°. ‚¡²¨§¨ ·¥§µ´ ´¸ 
Ëµ·³Ò, ±µ£¤  εν + ω � ελ, ´  µ¸´µ¢ ´¨¨ (14), (17) ¶µ²ÊÎ¨³ ¶·¨¡²¨¦¥´´µ¥
¶·¥¤¸É ¢²¥´¨¥ ¤²Ö ¢ ²¥´É´µ° Î ¸É¨ ¸¨²µ¢µ° ËÊ´±Í¨¨ ƒ
:

Sλν(ω) =
1
2π

nν |Vλν |2Γ↓
λ(εν + ω)

(ελ − εν − ω)2 + 1
4Γ

↓2
λ (εν + ω)

, (18)

Γ↓
λ Å Ë· £³¥´É Í¨µ´´ Ö Ï¨·¨´  (14). ‡ ³¥É¨³, ÎÉµ ÔÉµ ¸µµÉ´µÏ¥´¨¥ ¸µ£² -

¸Ê¥É¸Ö ¸ (5) ¢ ¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ Î ¸É¨Î´µ-¤Ò·µÎ´ Ö ±µ´Ë¨£Ê· Í¨Ö λν−1 ¢
¸·¥¤´¥³ ¶·¥¤¸É ¢²¥´  ¢ ¢µ²´µ¢µ° ËÊ´±Í¨¨ Š‘ ¸ ¢¥¸µ³ |bcλ|2 (¸·. É ±¦¥ ¸ (1)):

|bcλ|2 =
dc
2π

Γ↓
λ

(ελ − εν − Ec)2 + 1
4Γ

↓2
λ

. (19)

�Éµ ¸µµÉ´µÏ¥´¨¥ Ìµ·µÏµ ¨§¢¥¸É´µ ¢ É¥µ·¨¨ ¸¨²µ¢ÒÌ ËÊ´±Í¨° [57].
…¸²¨ Š‘ µÉ¢¥Î ÕÉ ´¥°É·µ´´Ò³ ·¥§µ´ ´¸ ³ ¸ ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨ (λ) =

= {jλ, lλ} ¨ ¸µ ¸·¥¤´¥° ¶·¨¢¥¤¥´´µ° (± 1 Ô‚) Ï¨·¨´µ° Γn(λ), µÉ¢¥Î ÕÐ¥°
· ¸¶ ¤Ê ¢ ¸µ¸ÉµÖ´¨¥ ν−1 Ö¤· -¶·µ¤Ê±É , Éµ ¶·¨¢¥¤¥´´ Ö ´¥°É·µ´´ Ö ¸¨²µ¢ Ö
ËÊ´±Í¨Ö sn(λ) = Γn(λ)/dc µ¶¨¸Ò¢ ¥É¸Ö Ëµ·³Ê²µ° ¢¨¤  (18):

sn(λ) = Γ↑
λ|bcλ|2 =

1
2π

Γ↑
λΓ

↓
λ

(ελ − εν − ω)2 + 1
4Γ

↓2
λ

, (20)

£¤¥ Γ↑
λ Å ¶·¨¢¥¤¥´´ Ö Ï¨·¨´  ¤²Ö · ¸¶ ¤  ±¢ §¨¸¢Ö§ ´´µ£µ µ¤´µ´¥°É·µ´´µ£µ

¸µ¸ÉµÖ´¨Ö ¢ ±µ´É¨´ÊÊ³. �É³¥É¨³, ÎÉµ µÉ´µÏ¥´¨¥ ¸¨²µ¢ÒÌ ËÊ´±Í¨° (18) ¨
(19) ´¥ § ¢¨¸¨É µÉ ³´¨³µ° Î ¸É¨ µ¶É¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ² . �µ¸±µ²Ó±Ê ¢ · ³-
± Ì µ¶É¨Î¥¸±µ° ³µ¤¥²¨ ´¥°É·µ´´ Ö ¸¨²µ¢ Ö ËÊ´±Í¨Ö ¶·µ¶µ·Í¨µ´ ²Ó´  ³´¨-
³µ° Î ¸É¨ Ë §Ò · ¸¸¥Ö´¨Ö ´¥°É·µ´  ´  µ¶É¨Î¥¸±µ³ ¶µÉ¥´Í¨ ²¥ η: sn = 2

πη
(¸³., ´ ¶·¨³¥·, [25]), Éµ ¥¸É¥¸É¢¥´´µ µ¦¨¤ ÉÓ, ÎÉµ µÉ´µÏ¥´¨¥ Sλν/ηλ É ±¦¥
´¥ § ¢¨¸¨É µÉ ³´¨³µ° Î ¸É¨ µ¶É¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ² . �Éµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ µÉ-
±·Ò¢ ¥É ¢µ§³µ¦´µ¸ÉÓ ¶· ±É¨Î¥¸±¨ ¡¥§³µ¤¥²Ó´µ£µ ¶¥·¥¸Î¥É  ¶·¨¢¥¤¥´´µ° ´¥°-
É·µ´´µ° ¸¨²µ¢µ° ËÊ´±Í¨¨ ¢ ¢ ²¥´É´ÊÕ Î ¸ÉÓ · ¤¨ Í¨µ´´µ° ¸¨²µ¢µ° ËÊ´±Í¨¨
´¥°É·µ´´ÒÌ ·¥§µ´ ´¸µ¢ [25,55].

�µ µ¶·¥¤¥²¥´¨Õ ¢±² ¤ ¢ ²¥´É´µ£µ ³¥Ì ´¨§³  ¢ ¢¥²¨Î¨´Ê ³ É·¨Î´µ£µ Ô²¥-
³¥´É  c− c′-¶¥·¥Ìµ¤  ¶µ¤ ¤¥°¸É¢¨¥³ µ¤´µÎ ¸É¨Î´µ£µ ¢´¥Ï´¥£µ ¶µ²Ö V̂ · ¢¥´

〈c′|V̂ |c〉val =
∫
dxV (x)〈c′|Ψ̂+(x)|0〉〈0|Ψ̂(x)|c〉, (21)

£¤¥ Ψ̂(x) Å µ¶¥· Éµ· Ê´¨ÎÉµ¦¥´¨Ö ´Ê±²µ´  ¢ ÉµÎ±¥ x. ‘·¥¤´¨° ±¢ ¤· É
³ É·¨Î´µ£µ Ô²¥³¥´É  (21) ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ M2

val = |Vλν |2|bcλ|2|bcν |2
Éµ²Ó±µ ¶·¨ Ê¸²µ¢¨¨, ÎÉµ Ô´¥·£¨¨ ¸µ¸ÉµÖ´¨° c ¨ c′ ¶·¨´ ¤²¥¦ É, ¸µµÉ¢¥É-
¸É¢¥´´µ, µ±·¥¸É´µ¸É¨ µ¤´µÎ ¸É¨Î´ÒÌ ¸µ¸ÉµÖ´¨° λ ¨ ν, ¨, ¸²¥¤µ¢ É¥²Ó´µ,
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Ô´¥·£¨Ö ¶¥·¥Ìµ¤  ¸ ¨§³¥´¥´¨¥³ Î¥É´µ¸É¨ ¤µ²¦´  ¡ÒÉÓ ¶µ·Ö¤±  Dλν Å Ô´¥·£¥-
É¨Î¥¸±µ£µ ¨´É¥·¢ ²  ³¥¦¤Ê ÔÉ¨³¨ ¸µ¸ÉµÖ´¨Ö³¨. ‚ ¶·µÉ¨¢´µ³ ¸²ÊÎ ¥ (´ ¶·¨-
³¥·, ¶·¨ µ¶¨¸ ´¨¨ ¸³¥Ï¨¢ ´¨Ö Š‘ ¶·µÉ¨¢µ¶µ²µ¦´µ° Î¥É´µ¸É¨, ±µ£¤  ω = 0)
¢¥²¨Î¨´Ê M2

val ¸²¥¤Ê¥É ¢ÒÎ¨¸²ÖÉÓ ¡µ²¥¥ ¶µ¸²¥¤µ¢ É¥²Ó´Ò³ ³¥Éµ¤µ³. �ÉµÉ ³¥-
Éµ¤ µ¸´µ¢ ´ ´  ¨¸¶µ²Ó§µ¢ ´¨¨ ¸¶¥±É· ²Ó´µ£µ · §²µ¦¥´¨Ö ¤²Ö µ¤´µÎ ¸É¨Î´µ°
ËÊ´±Í¨¨ ƒ·¨´  Ë¥·³¨-¸¨¸É¥³Ò ¢ ±µµ·¤¨´ É´µ³ ¶·¥¤¸É ¢²¥´¨¨ [25]. “¸·¥¤-
´¥´¨¥ ³´¨³µ° Î ¸É¨ ÔÉµ° ËÊ´±Í¨¨ ¶µ Ô´¥·£¨¨ ¶·¨¢µ¤¨É ± ¸²¥¤ÊÕÐ¥³Ê ·¥-
§Ê²ÓÉ ÉÊ:

Im g(x, x′, ε) = −πd−1
c 〈0|Ψ̂(x)|c〉〈c|Ψ̂+(x)|0〉, (22)

£¤¥ ε − µ > 0 Å ¸·¥¤´ÖÖ Ô´¥·£¨Ö ¢µ§¡Ê¦¤¥´¨Ö ¸µ¸ÉµÖ´¨° |c〉. �  µ¸´µ¢ ´¨¨
(21), (22) ¶µ²ÊÎ¨³ ¢Ò· ¦¥´¨¥ ¤²Ö M2

val ¢ É¥·³¨´ Ì ³´¨³µ° Î ¸É¨ µ¶É¨±µ³µ-
¤¥²Ó´µ° ËÊ´±Í¨¨ ƒ·¨´  [24]:

M2
val =

dcdc′

π2

∫
Ṽ +(x, ω) Im g(x, x′, ε)Ṽ (x′, ω) Im g(x, x′, ε− ω)dxdx′, (23)

£¤¥ ÔËË¥±É¨¢´µ¥ ¶µ²¥ Ṽ (x, ω) Ê¤µ¢²¥É¢µ·Ö¥É Ê· ¢´¥´¨Õ (7). ‚ ¸²ÊÎ ¥ ´¥°-
É·µ´´ÒÌ ·¥§µ´ ´¸µ¢ ¸ ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨ (λ) ¨ (ν) µ¦¨¤ ¥É¸Ö, ÎÉµ µÉ´µÏ¥-

´¨¥ q2 =
M2

val

Γn(λ)Γn(ν)
¸² ¡µ § ¢¨¸¨É µÉ ¨´É¥´¸¨¢´µ¸É¨ ³´¨³µ° Î ¸É¨ µ¶É¨Î¥-

¸±µ£µ ¶µÉ¥´Í¨ ² . ’ ±µ¥ ÊÉ¢¥·¦¤¥´¨¥ ¡Ò²µ ¡Ò ÉµÎ´Ò³ ¢ ¸²ÊÎ ¥ Ê¶µ³Ö´ÊÉÒÌ
¢ÒÏ¥ c−c′-¶¥·¥Ìµ¤µ¢ ³¥¦¤Ê ±µ³¶µ´¥´É ³¨ Éµ´±µ° ¸É·Ê±ÉÊ·Ò µ¤´µÎ ¸É¨Î´ÒÌ
¸µ¸ÉµÖ´¨° λ ¨ ν ¨ ¶µÉµ³Ê ´Ê¦¤ ¥É¸Ö ¢ ´¥¶µ¸·¥¤¸É¢¥´´µ° ¶·µ¢¥·±¥.

2.5. �¨§±µÔ´¥·£¥É¨Î¥¸±¨° ¶·¥¤¥² ¸¨²µ¢µ° ËÊ´±Í¨¨ ƒ� ¢ Ìµ²µ¤´ÒÌ ¨
´ £·¥ÉÒÌ Ö¤· Ì. „²Ö µÉ´µ¸¨É¥²Ó´µ ´¥¡µ²ÓÏ¨Ì Ô´¥·£¨° ¢µ§¡Ê¦¤¥´¨Ö, É ±¨Ì,
ÎÉµ |Dλν−ω| 	 Γ̄↓

λν (Dλν Å ¸·¥¤´ÖÖ Ô´¥·£¨Ö Î ¸É¨Î´µ-¤Ò·µÎ´ÒÌ ±µ´Ë¨£Ê· -

Í¨° ¸ Ë¨±¸¨·µ¢ ´´Ò³¨ ¶· ¢¨² ³¨ µÉ¡µ· ,   Γ̄↓
λν Å ¸·¥¤´ÖÖ ·¥² ±¸ Í¨µ´´ Ö

Ï¨·¨´  ÔÉ¨Ì ±µ´Ë¨£Ê· Í¨°), ¢µ§³µ¦¥´ ¶µ¸²¥¤µ¢ É¥²Ó´Ò° ¢Ò¢µ¤ ¢Ò· ¦¥´¨Ö
¤²Ö ¸·¥¤´¥° ËÊ´±Í¨¨ µÉ±²¨±  ¢ · ³± Ì ¶µ²Ê³¨±·µ¸±µ¶¨Î¥¸±µ£µ ¶µ¤Ìµ¤ . ‘µ-
µÉ¢¥É¸É¢ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥, ¶µ²ÊÎ¥´´µ¥ ´  µ¸´µ¢¥ ¸¶¥±É· ²Ó´µ£µ · §²µ¦¥´¨Ö
¤²Ö µ¤´µÎ ¸É¨Î´µ° ËÊ´±Í¨¨ ƒ·¨´  Ë¥·³¨-¸¨¸É¥³Ò ¢ ±µµ·¤¨´ É´µ³ ¶·¥¤¸É -
¢²¥´¨¨, ¨³¥¥É ¢¨¤ [24,54]:

A(x, x′, ω) = A0(x, x′, ω) + i ImA(x, x′, ω), (24)

ImA(x, x′, ω) = δA(x′, x, ω) + δA(x′, x,−ω), (25)

δA(x, x′, ω) =
∑
ν
nνφν(x)φ∗ν(x

′) Im g(p)(εν + ω),

−(1− nν)φν (x)φ∗ν(x′) Im g(h)(εν − ω). (26)

ˆ§ (26) ¸²¥¤Ê¥É, ÎÉµ ¢¥²¨Î¨´  δA(−ω) Éµ¦¤¥¸É¢¥´´µ · ¢´  ´Ê²Õ ¢ Ìµ²µ¤´µ³
Ö¤·¥. ”µ·³ ²Ó´Ò° ÊÎ¥É ÔÉµ° ¢¥²¨Î¨´Ò µ¡¥¸¶¥Î¨¢ ¥É ¨´¢ ·¨ ´É´µ¸ÉÓ ËÊ´±-
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Í¨¨ µÉ±²¨±  ¨, ¸²¥¤µ¢ É¥²Ó´µ, ¸·¥¤´¥° ¶µ²Ö·¨§Ê¥³µ¸É¨, µÉ´µ¸¨É¥²Ó´µ § ³¥´Ò
ω → −ω.

�¨§±µÔ´¥·£¥É¨Î¥¸±ÊÕ Î ¸ÉÓ c¨²µ¢µ° ËÊ´±Í¨¨ ƒ
, ¨³¥ÕÐ¥° Ô´¥·£¨Õ ³ ±-
¸¨³Ê³  D > Dλν , ³µ¦´µ · ¸¸Î¨É ÉÓ ´  µ¸´µ¢¥ ¸µµÉ´µÏ¥´¨° (6), (7), ¢ ±µÉµ-
·ÒÌ ËÊ´±Í¨Ö µÉ±²¨±  A(0) § ³¥´¥´  ´  ¢¥²¨Î¨´Ê A (25), (26). …¸²¨ ¶·¨ ÔÉµ³
ƒ
 ¨¸Î¥·¶Ò¢ ¥É ¡tµ²ÓÏÊÕ Î ¸ÉÓ ¸µµÉ¢¥É¸É¢ÊÕÐ¥° Î ¸É¨Î´µ-¤Ò·µÎ´µ° ¸¨²Ò,
Éµ Ë ±É¨Î¥¸±¨³ ¶ · ³¥É·µ³ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ¢ (25) Ö¢²Ö¥É¸Ö µÉ´µÏ¥´¨¥

|
∫
V (x) ImA(x, x′, ω)V (x′)dxdx′|

|
∫
V (x) ImA(0)(x, x′, ω)V (x′)dxdx′|

∼ Γ̄↓
λν/(D − ω) � 1.

‚¢¨¤Ê ÔÉµ£µ ´¥· ¢¥´¸É¢  ¢ Ê· ¢´¥´¨¨ ¤²Ö ÔËË¥±É¨¢´µ£µ ¶µ²Ö (7) ³µ¦´µ ¶µ-
²µ¦¨ÉÓ A = A(0). ‚ ¸²ÊÎ ¥, ±µ£¤  ƒ
 ®¶µ¸É·µ¥´¯ ´  µ¸´µ¢´µ³ ¨²¨ ´¨§±µ-
¢µ§¡Ê¦¤¥´´µ³ ¸µ¸ÉµÖ´¨¨ ®¸¢¥·ÌÉ¥±ÊÎ¥£µ¯ Ö¤· , ¸µµÉ´µÏ¥´¨Ö, µ¶·¥¤¥²ÖÕÐ¨¥
ËÊ´±Í¨Õ µÉ±²¨± , ¤µ²¦´Ò ¡ÒÉÓ ³µ¤¨Ë¨Í¨·µ¢ ´Ò ¤²Ö ÊÎ¥É  ¸¶ ·¨¢ ´¨Ö ´Ê-
±²µ´µ¢ (¸³. ¶. 2.6).

‚ ¶·¨³¥´¥´¨¨ ± ´ £·¥ÉÒ³ Ö¤· ³ ¸ É¥³¶¥· ÉÊ·µ° t (µÉ¢¥Î ÕÐ¥° ±µ´¥Î´Ò³
Š‘), ¤µ¸É ÉµÎ´µ° ¤²Ö · §·ÊÏ¥´¨Ö ¸¶ ·¨¢ ´¨Ö, ¸µµÉ´µÏ¥´¨Ö (25), (26) ³µ¦´µ
µ¡µ¡Ð¨ÉÓ ¶ÊÉ¥³  ¶·¨µ·´µ£µ ¢¢¥¤¥´¨Ö É¥³¶¥· ÉÊ·Ò ¢ ¢Ò· ¦¥´¨Ö ¤²Ö Î¨¸¥²
§ ¶µ²´¥´¨Ö ¨ ³´¨³µ° Î ¸É¨ µ¶É¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  [49Ä52]:

nν → θt(εν − µ),
∑
ν

θt(εν − µ) = N, θt(ε− µ) ≡ (1 + exp [(ε− µ)/t])−1,

w(| ε− µ |) → w(| ε− µ |, t) = α((ε − µ)2 + (πt)2), (27)

w(p)(ε− µ) = w(| ε− µ |, t)(1 − θt(ε− µ)),

w(h)(ε− µ) = −w(| ε− µ |, t)θt(ε− µ),

£¤¥ § ¢¨¸¨³µ¸ÉÓ w(| ε − µ |, t) ¢§ÖÉ  ¢ ¢¨¤¥, ¸¶· ¢¥¤²¨¢µ³ ¤²Ö Ï¨·¨´Ò § -
ÉÊÌ ´¨Ö ±¢ §¨Î ¸É¨Í ¢ ¡¥¸±µ´¥Î´µ° ´ £·¥Éµ° Ë¥·³¨-¸¨¸É¥³¥ (¸³., ´ ¶·¨³¥·,
[58]). �·µ±µ³³¥´É¨·Ê¥³ ¶·¨¢¥¤¥´´Ò¥ ¸µµÉ´µÏ¥´¨Ö ¤²Ö ¸·¥¤´¥£µ Î ¸É¨Î´µ-
¤Ò·µÎ´µ£µ ¶·µ¶ £ Éµ·  ¨, ¸²¥¤µ¢ É¥²Ó´µ, ¤²Ö ¸¨²µ¢µ° ËÊ´±Í¨¨ ƒ
, ¶µ¸É·µ-
¥´´µ£µ ´  ±µ³¶ Ê´¤-¸µ¸ÉµÖ´¨ÖÌ.

1) �·¥¤²µ¦¥´´Ò° ¸¶µ¸µ¡ ¢¢¥¤¥´¨Ö É¥³¶¥· ÉÊ·Ò ¢ Ëµ·³Ê²Ò, ¶µ²ÊÎ¥´´Ò¥
¤²Ö Ìµ²µ¤´µ£µ Ö¤· , Ö¢²Ö¥É¸Ö Ë¨§¨Î¥¸±¨ ¶·µ§· Î´Ò³, ´µ, µ¤´ ±µ, ¸É·µ£µ ´¥
µ¡µ¸´µ¢ ´´Ò³.

2) B ¸µµÉ¢¥É¸É¢¨¨ ¸µ ¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²ÓÕ (¸³., ´ ¶·¨³¥·, [31]) É¥³-
¶¥· ÉÊ· , µÉ¢¥Î ÕÐ Ö ±µ´¥Î´µ³Ê ¤²Ö c− c′-¶¥·¥Ìµ¤µ¢ ¸µ¸ÉµÖ´¨Õ Ö¤· , µ¶·¥-
¤¥²Ö¥É¸Ö ¸µµÉ´µÏ¥´¨¥³ t =

√
U ′/a, U ′ = U − ω; U = Ec − ∆̃, £¤¥ U ′ Å
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®É¥¶²µ¢ Ö¯ Ô´¥·£¨Ö ¢µ§¡Ê¦¤¥´¨Ö Ö¤· , µÉ¢¥Î ÕÐ Ö ¸µ¸ÉµÖ´¨Ö³ c′; a, ∆̃ Å
¶ · ³¥É·Ò ¢ ¶µ²ÊÔ³¶¨·¨Î¥¸±µ° Ëµ·³Ê²¥ ¤²Ö ¶²µÉ´µ¸É¨ Ê·µ¢´¥° Š‘ [65].

3) ˆ§-§  É¥³¶¥· ÉÊ·´µ£µ · §³ÒÉ¨Ö £· ´¨ÍÒ ”¥·³¨ ¸É ´µ¢ÖÉ¸Ö ¢µ§³µ¦-
´Ò³¨ ± ± µ¤´µÎ ¸É¨Î´Ò¥ ¢µ§¡Ê¦¤¥´¨Ö ¸ ε < µ, É ± ¨ µ¤´µ¤Ò·µÎ´Ò¥ ¢µ§¡Ê¦-
¤¥´¨Ö ¸ ε > µ. ‚ ·¥§Ê²ÓÉ É¥ ¶·¨ t �= 0 ¸² £ ¥³µ¥ δA(−ω) ¢ ¢Ò· ¦¥´¨¨ (25)
µÉ²¨Î´µ µÉ ´Ê²Ö ¨ ¸· ¢´¨³µ ¸ δA(ω) ¢¶²µÉÓ ¤µ ω � πt. �·¨ É ±¨Ì ω ´¥¶·¨-
³¥´¨³  ¨§¢¥¸É´ Ö £¨¶µÉ¥§  b·¨´± , ¶µ¸±µ²Ó±Ê ¢ ÔÉµ³ ¸²ÊÎ ¥ ¢¥²¨Î¨´  δA(ω)
¸ÊÐ¥¸É¢¥´´µ § ¢¨¸¨É µÉ ¸É·Ê±ÉÊ·Ò £· ´¨ÍÒ ”¥·³¨.

4) ‚ ¸É É¨Î¥¸±µ³ ¶·¥¤¥²¥ (ω = 0) ¢¢¨¤Ê § ¢¨¸¨³µ¸É¨ (27) ¤²Ö w(| ε−µ |, t)
¸¨²µ¢ Ö ËÊ´±Í¨Ö µÉ²¨Î´  µÉ ´Ê²Ö:

SV ∼ α(πt)2A1/3V 2
sp/D

2. (28)

5) � · ³¥É· α, Ö¢²ÖÕÐ¨°¸Ö ¥¤¨´¸É¢¥´´Ò³ ¸¢µ¡µ¤´Ò³ ¶ · ³¥É·µ³ ³µ-
¤¥²¨, ³µ¦¥É ¡ÒÉÓ ´ °¤¥´ ¤²Ö ± ¦¤µ£µ Ö¤·  ¶µ µ¤´µ° ¨§ ´ ¡²Õ¤ ¥³ÒÌ Ì · ±-
É¥·¨¸É¨± c − s- ¨²¨ c − c′-¶¥·¥Ìµ¤µ¢ ¸ É¥³, ÎÉµ¡Ò Ê¦¥ ¡¥§ ¸¢µ¡µ¤´ÒÌ ¶ · -
³¥É·µ¢ µ¶¨¸ ÉÓ ¤·Ê£¨¥ ´ ¡²Õ¤ ¥³Ò¥ ¢ Éµ³ ¦¥ Ö¤·¥. �  É ±µ³ ¶ÊÉ¨ ³µ¦´µ
¢ ± ±µ°-Éµ ³¥·¥ ÊÎ¥¸ÉÓ ·Ö¤ ÔËË¥±Éµ¢, ´¥ · ¸¸³µÉ·¥´´ÒÌ ¢ · ³± Ì ¨§² £ -
¥³µ° ¢¥·¸¨¨ ¶µ²Ê³¨±·µ¸±µ¶¨Î¥¸±µ£µ ¶µ¤Ìµ¤ ,   ¨³¥´´µ:  ) Ë²Ê±ÉÊ Í¨¨ ¢
¶²µÉ´µ¸É¨ É·¥Ì±¢ §¨Î ¸É¨Î´ÒÌ ¸µ¸ÉµÖ´¨°, Ö¢²ÖÕÐ¨Ì¸Ö ¢Ìµ¤´Ò³¨ ¶·¨ · ¸-
¶ ¤¥ µ¤´µ±¢ §¨Î ¸É¨Î´ÒÌ ¸µ¸ÉµÖ´¨°; ¡)  ¶·¨µ·´µ¥ ¢¢¥¤¥´¨¥ É¥³¶¥· ÉÊ·Ò ¢
Ëµ·³Ê²Ò, ¶µ²ÊÎ¥´´Ò¥ ¤²Ö Ìµ²µ¤´µ£µ Ö¤· ; ¢) ¢µ§³µ¦´ÊÕ ¨´É¥·Ë¥·¥´Í¨Õ § -
ÉÊÌ ´¨Ö Î ¸É¨Í ¨ ¤Ò·µ±, É.¥. ¶µÖ¢²¥´¨Ö ³´¨³µ° Î ¸É¨ Ê¸·¥¤´¥´´µ£µ ¶µ Ô´¥·-
£¨¨ Î ¸É¨Î´µ-¤Ò·µÎ´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö.

2.6. “Î¥É ¸¶ ·¨¢ ´¨Ö ´Ê±²µ´µ¢ ¢ µ¶¨¸ ´¨¨ ¸¨²µ¢ÒÌ ËÊ´±Í¨° ƒ�. ‘¶ -
·¨¢ ´¨¥ ´Ê±²µ´µ¢ ¶·¨¢µ¤¨É ± ¨§³¥´¥´¨Õ ¸É·Ê±ÉÊ·Ò µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ´¥-
³ £¨Î¥¸±¨Ì Ö¤¥· ¨, ¸²¥¤µ¢ É¥²Ó´µ, ¥£µ ÊÎ¥É É·¥¡Ê¥É ³µ¤¨Ë¨± Í¨¨ ¶µ²ÊÎ¥´´ÒÌ
¢ÒÏ¥ ¸µµÉ´µÏ¥´¨° ¤²Ö ËÊ´±Í¨¨ µÉ±²¨± . �¨¦¥ ¸¶ ·¨¢ ´¨¥ ÊÎÉ¥´µ ¢ ¶·µ-
¸É¥°Ï¥³ ¢ ·¨ ´É¥ É¥µ·¨¨, Ô±¢¨¢ ²¥´É´µ³ ³µ¤¥²¨ bŠ˜, ¢ ¨´É¥·¥¸ÊÕÐ¥³ ´ ¸
¸²ÊÎ ¥ ω 	 ∆ (∆ Å Ð¥²Ó ¢ Ô´¥·£¥É¨Î¥¸±µ³ ¸¶¥±É·¥ ±¢ §¨Î ¸É¨Í). ‚ Ê± -
§ ´´µ³ ¶·¨¡²¨¦¥´¨¨ ³µ¤¨Ë¨± Í¨Õ ¸µµÉ´µÏ¥´¨° (10), (26) ³µ¦´µ ¶µ²ÊÎ¨ÉÓ
¸ ¶µ³µÐÓÕ ¨§¢¥¸É´µ£µ ¸¶¥±É· ²Ó´µ£µ · §²µ¦¥´¨Ö ¤²Ö µ¤´µÎ ¸É¨Î´µ° ËÊ´±-
Í¨¨ ƒ·¨´  Ë¥·³¨-¸¨¸É¥³Ò ¸µ ¸¶ ·¨¢ ´¨¥³ [21]. � ¨¡µ²¥¥ ¶·µ¸Éµ ¢Ò£²Ö¤¨É
³µ¤¨Ë¨± Í¨Ö ¸µµÉ´µÏ¥´¨Ö (26):

δA(x1, x2;ω) � Im
∑
ν
φ∗ν(x1)φν(x2)(v2νg

(p)(x1, x2;µ− Eν + ω)− (29)

−(1− v2ν)g(h)(x1, x2;µ+ Eν − ω)).

‡¤¥¸Ó Eν =
√
(εν − µ)2 +∆2 Å Ô´¥·£¨Ö ±¢ §¨Î ¸É¨Í (µÉ¸Î¨ÉÒ¢ ¥³ Ö µÉ Ì¨-

³¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  µ), v2ν =
1
2 (1−

εν−µ
Eν

), u2
ν = 1− v2ν . ‡´ Î¥´¨Ö ¢¥²¨Î¨´

µ ¨ ∆ ³µ£ÊÉ ¡ÒÉÓ ´ °¤¥´Ò ¨§ ¸µ¢³¥¸É´µ£µ ·¥Ï¥´¨Ö ¸²¥¤ÊÕÐ¥° ¸¨¸É¥³Ò Ê· ¢-
´¥´¨° ³µ¤¥²¨ bŠ˜ [59]:
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v2ν = N(Z),
∑
ν

1
Eν

=
4

Gn(p)
, (30)

£¤¥ N(Z) Å Î¨¸²µ ´¥°É·µ´µ¢ (¶·µÉµ´µ¢) ¢ Ö¤·¥, Gn(p) Å ±µ´¸É ´É , Ì · ±-
É¥·¨§ÊÕÐ Ö ¸¨²Ê ¸¶ ·¨¢ É¥²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö.

‚Ò· ¦¥´¨¥ ¤²Ö ËÊ´±Í¨¨ µÉ±²¨±  A(0) ¨³¥¥É ¢¨¤ (10), ±µ£¤  ¢¥²¨Î¨´Ò

A
(0)
λν µ¶·¥¤¥²ÖÕÉ¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

A
(0)
λν = −v2νu2

λ(Eν + Eλ + ω)
−1 − v2λu2

ν(Eν + Eλ − ω)−1. (31)

„²Ö Éµ£µ ÎÉµ¡Ò ¶·¥¤¸É ¢¨ÉÓ ¢Ò· ¦¥´¨¥ ¤²Ö A(0)(x1, x2;ω) ¢ ¢¨¤¥, ¢ ±µÉµ-
·µ³ Ö¢´µ¥ ¸Ê³³¨·µ¢ ´¨¥ ¶·µ¢µ¤¨É¸Ö Éµ²Ó±µ ¶µ ¸¢Ö§ ´´Ò³ ¸µ¸ÉµÖ´¨Ö³ ´Ê±²µ-
´µ¢ ¢ ¸·¥¤´¥³ ¶µ²¥ Ö¤·  ¨ É¥³ ¸ ³Ò³ ÉµÎ´µ ÊÎ¨ÉÒ¢ ¥É¸Ö ¢±² ¤ µ¤´µÎ ¸É¨Î´µ£µ
±µ´É¨´ÊÊ³ , ¶µ²µ¦¨³ Eν = |εν − µ| ¤²Ö ¢¸¥Ì ¸µ¸ÉµÖ´¨° ¸ |εν − µ| > q · ∆
(q 	 1 Å ´¥±µÉµ·µ¥ Î¨¸²µ). ’µ£¤  ´  µ¸´µ¢ ´¨¨ (31) ¸ ¶·¨¢²¥Î¥´¨¥³ ¸¶¥±-
É· ²Ó´µ£µ ¶·¥¤¸É ¢²¥´¨Ö ¤²Ö ËÊ´±Í¨¨ ƒ·¨´  g(0)(x1, x2; ε) ³µ¦´µ ¶µ²ÊÎ¨ÉÓ
¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö A(0)(x1, x2;ω):

A(0)(x1, x2;ω) = A
(0)
(1)(x1, x2;ω) +A

(0)
(2)(x1, x2;ω), (32)

A
(0)
(1)(x1, x2;ω) =

∑
ν

φ∗ν(x1)φν(x2)×

×
{
θ(εν − µ+ q∆)

[
g(0)(x1, x2; εν + ω) + g(0)(x1, x2; εν − ω)

]
+

+ v2νθ(|εν − µ| − q∆)
[
g(0)(x1, x2;µ− Eν + ω) + g(0)(x1, x2;µ− Eν − ω)

]}
,

A
(0)
(2)(x1, x2;ω) =

∑
ν,ν′

φ∗ν(x1)φν(x2)φν′ (x1)φ∗ν′(x2)A
(0)
(2)νν′ , (33)

A
(0)
(2)νν′ = θ(|εν′ − µ| − q∆)

{
u2
ν′

[
v2νθ(|εν − µ| − q∆)

(
(ω − Eν − Eν′)−1−

−(ω + Eν + Eν′)−1
)
+

+ θ(εν − µ+ q∆)
(
(ω − Eν′ − µ+ εν)−1 − (ω + Eν′ + µ− εν)−1

)]
−

−θ(εν − µ+ q∆)
(
(εν + ω − εν′)−1 + (εν − ω − εν′)−1

)
−

− v2ν′θ(εν − µ− q∆)
(
(µ− Eν′ + ω − εν)−1 + (µ− Eν′ − ω − εν)−1

)}
.

�É³¥É¨³, ÎÉµ ¢ ¶·¥¤¥²¥ ∆ → 0 ¢Ò· ¦¥´¨¥ ¤²Ö A(0)
(1) ¶¥·¥Ìµ¤¨É ¢ Ëµ·³Ê²Ê (9),

  A(0)
(2) → 0.
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‚ § ±²ÕÎ¥´¨¥ · ¸¸³µÉ·¨³ ¢²¨Ö´¨¥ ¸¶ ·¨¢ ´¨Ö ´  ¶ · ³¥É·¨§ Í¨Õ ¨´-
É¥´¸¨¢´µ¸É¨ ³´¨³µ° Î ¸É¨ µ¶É¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  w(ε − µ). �É  ¢¥²¨Î¨´ 
¨³¥¥É ÉµÉ ¦¥ Ë¨§¨Î¥¸±¨° ¸³Ò¸², ÎÉµ ¨ Ï¨·¨´  § ÉÊÌ ´¨Ö ±¢ §¨Î ¸É¨Í ¢
¡¥¸±µ´¥Î´µ° Ë¥·³¨-¸¨¸É¥³¥. ‚ µÉ¸ÊÉ¸É¢¨¥ ¸¶ ·¨¢ ´¨Ö ´Ê±²µ´µ¢ Ê± § ´´ÊÕ
¢¥²¨Î¨´Ê ³µ¦´µ ¶ · ³¥É·¨§µ¢ ÉÓ ¢ ¢¨¤¥

w(ε− µ) = α(ε− µ)2 (34)

¶·¨ Ê¸²µ¢¨¨, ÎÉµ |ε−µ| � εF . …¸É¥¸É¢¥´´µ, ÎÉµ ÔÉµ ¸µµÉ´µÏ¥´¨¥ ¸µ£² ¸Ê¥É¸Ö
¸ (27) ¶·¨ t = 0. ˆ³¥ÕÐ¨¥¸Ö ¤ ´´Ò¥ ¶µ ¸¨¸É¥³ É¨±¥ µ¶É¨Î¥¸±¨Ì ¶µÉ¥´Í¨ ²µ¢
¶·¨¢µ¤ÖÉ ± ¸²¥¤ÊÕÐ¥° ¶ · ³¥É·¨§ Í¨¨ (¸³., ´ ¶·¨³¥·, [56]):

w(ε− µ) = α(|ε− µ| − δ)2
1 + (|ε− µ| − δ)2/B2

, (35)

£¤¥ ®¶µ·µ£µ¢µ¥¯ §´ Î¥´¨¥ δ = 2÷ 3 ŒÔ‚,   B = 7÷ 12 ŒÔ‚.
� ¶µ³´¨³, ÎÉµ § ¢¨¸¨³µ¸ÉÓ (34) ¶µ²ÊÎ ÕÉ ± ± ·¥§Ê²ÓÉ É ¨´É¥£·¨·µ¢ ´¨Ö

¶µ Ë §µ¢µ³Ê µ¡Ñ¥³Ê É·¥Ì ±¢ §¨Î ¸É¨Í, ´  ±µÉµ·Ò¥ · ¸¶ ¤ ¥É¸Ö ±¢ §¨Î ¸É¨Í 
¸ ÊÎ¥Éµ³ ¸µÌ· ´¥´¨Ö Ô´¥·£¨¨ ¨ ¨³¶Ê²Ó¸ , ¢ ¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ ¢¥·Ï¨´Ê
· ¸¶ ¤  γ(p1,p2,p3) ³µ¦´µ § ³¥´¨ÉÓ ´  ´¥±µÉµ·µ¥ ¸·¥¤´¥¥ §´ Î¥´¨¥ (¸³.,
´ ¶·¨³¥·, [21]):

wp(ε− µ) =
∫
|γ(p1,p2,p3)|2(1 − n1)(1− n2)n3δ(ε− ε1 − ε2 + ε3)×

×δ(p+ p3 − p1 − p2)dp1dp2dp3. (36)

‘¶ ·¨¢ ´¨¥ ´Ê±²µ´µ¢ ¨§³¥´Ö¥É Ë §µ¢Ò° µ¡Ñ¥³, ¤µ¸ÉÊ¶´Ò° ¤²Ö · ¸¶ ¤  ±¢ §¨-
Î ¸É¨ÍÒ, ´  É·¨:

w(ε− µ) =
∫
|γ(p1,p2,p3)|2u2

1u
2
2v

2
3δ(ε− µ− E1 − E2 − E3)×

×δ(p+ p3 − p1 − p2)dp1dp2dp3. (37)

‚ ¤ ´´µ³ ¢Ò· ¦¥´¨¨ ³µ¦´µ ÉµÎ´µ ¢Ò¶µ²´¨ÉÓ ¢¸¥ ¨´É¥£·¨·µ¢ ´¨Ö, ±·µ³¥
µ¤´µ£µ, É ± ÎÉµ

w(ε− µ) = αθ(3∆− (ε− µ))
εmax∫
0

√(
ε− µ−∆−

√
ε21 +∆2

)2

−∆2dε1.

(38)

‡¤¥¸Ó εmax =
√
(ε− µ− 2∆)2 −∆2. ‚ ¶·¥¤¥²Ó´ÒÌ ¸²ÊÎ ÖÌ ¨³¥¥É ³¥¸Éµ

¸²¥¤ÊÕÐ Ö Ô´¥·£¥É¨Î¥¸± Ö § ¢¨¸¨³µ¸ÉÓ Ï¨·¨´Ò:

w(ε− µ) =
{
α((ε− µ−∆)2 − 3

2∆
2 − 2∆2 ln(2(ε−µ)

∆ )), ε− µ− 3∆ 	 ∆
πα∆(ε− µ− 3∆), 0 < ε− µ− 3∆ � ∆.

(39)

�Éµ ¦¥ ¸µµÉ´µÏ¥´¨¥ ¶·¨³¥´¨³µ ¨ ± · ¸¶ ¤Ê ±¢ §¨¤Ò·±¨ (¸ § ³¥´µ°
ε− µ→ µ− ε).
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3. ‘		’�	˜…�ˆŸ „‹Ÿ ��<‹=„�…Œ›•

3.1. � ¤¨ Í¨µ´´Ò¥ ¸¨²µ¢Ò¥ ËÊ´±Í¨¨. ‘µµÉ´µÏ¥´¨Ö ¢ ¶·¥¤Ò¤ÊÐ¥³ · §-
¤¥²¥ ¶µ§¢µ²ÖÕÉ · ¸¸Î¨É ÉÓ ¢ · ³± Ì ¶µ²Ê³¨±·µ¸±µ¶¨Î¥¸±µ£µ ¶µ¤Ìµ¤  ¶·¨¢¥-
¤¥´´Ò¥ · ¤¨ Í¨µ´´Ò¥ ¸¨²µ¢Ò¥ ËÊ´±Í¨¨ Š‘

KE1,M1(ω) = sE1,M1(ω)/ω3 (40)

¸µ£² ¸´µ ¸²¥¤ÊÕÐ¥° Ëµ·³Ê²¥:

KE1,M1(ω) =
SE1,M1(ω)
kE1,M1

. (41)

‡¤¥¸Ó kE1 = 9 · 137 · (�c)2/(4π), kM1 = 3 · 137 · (mc2)2/(4π), m Å ³ ¸¸ 
´Ê±²µ´ ; SE1 ¨ SM1 Å ¸¨²µ¢Ò¥ ËÊ´±Í¨¨, ¸µµÉ¢¥É¸É¢¥´´µ, E1 ¨ M1 ƒ
, ¤²Ö
· ¸Î¥É  ±µÉµ·ÒÌ ¢´¥Ï´¨¥ ¶µ²Ö ¢Ò¡¨· ²¨¸Ó ¢ ¢¨¤¥

VE1(x) = −1
2
rT1100(n)τ (3) ,

VM1(x) =
1
2
{µn(1 + τ (3)) + (µp − 1/2)(1− τ (3))}T1010(n), (42)

£¤¥ r Å ±µµ·¤¨´ É  ´Ê±²µ´ , TJLSM(n) =
∑
m,µ
CJMLm1µYLm(n)σ

µ Å ´¥¶·¨¢µ-

¤¨³Ò° ¸¶¨´-Ê£²µ¢µ° É¥´§µ· · ´£  J , τ (3) ¨ σ(3) Å ¸µµÉ¢¥É¸É¢¥´´µ, ¨§µ¸¶¨-
´µ¢Ò¥ ¨ ¸¶¨´µ¢Ò¥ ³ É·¨ÍÒ � Ê²¨; µn = −1, 91, µp = 2, 79. �ËË¥±É¨¢´µ¥
¢§ ¨³µ¤¥°¸É¢¨¥ ±¢ §¨Î ¸É¨Í ¢ ± ´ ²¥ Î ¸É¨Í  Ä ¤Ò·±  ¢Ò¡· ´µ ¢ ¢¨¤¥ ¸¨²
‹ ´¤ ÊÅŒ¨£¤ ²  [21]:

F (x1, x2) = C{f + f ′(τ 1τ 2) + (g + g′(τ 1τ 2))(σ1σ2)}δ(r1 − r2). (43)

‚ · ¸Î¥É Ì ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¸²¥¤ÊÕÐ¨¥ §´ Î¥´¨Ö ¸¨²µ¢ÒÌ ¶ · ³¥É·µ¢: C =
= 300 ŒÔ‚ · Ë³3, f ′ = 0, 88 · (1 + 2, 55 · A−2/3) ¨ ¤¢  ´ ¡µ·  ¸¶¨´-¸¶¨´µ¢ÒÌ
±µ´¸É ´É: g = g′ = 0, 7 (´ ¡µ· I) ¨ g = 0, 05, g′ = 0, 96 (´ ¡µ· II [28]).


 ¸Î¥ÉÒ ¸¨²µ¢ÒÌ ËÊ´±Í¨° ®Ì¢µ¸Éµ¢¯ …1 ¨ Œ1 ƒ
 ¢ ´ £·¥ÉÒÌ Ö¤· Ì ¶·µ-
¢µ¤¨²¨¸Ó ¸µ£² ¸´µ ¸²¥¤ÊÕÐ¨³ Ëµ·³Ê² ³, ¶µ²ÊÎ¥´´Ò³ ¢ ·¥§Ê²ÓÉ É¥ µÉ¤¥²¥´¨Ö
¸¶¨´-Ê£²µ¢ÒÌ ¶¥·¥³¥´´ÒÌ ¢ ¡ §¨¸´ÒÌ Ê· ¢´¥´¨ÖÌ (7) ¨ (8) (¢ ¶µ¸²¥¤´¥³ Ê· ¢-
´¥´¨¨ ËÊ´±Í¨Ö µÉ±²¨±  A(0) § ³¥´¥´  ´  ¢¥²¨Î¨´Ê A (25), (26)):
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SE1(ω) = − 1
π

∑
α=n,p

∫
Ṽ ∗
E1(r, ω) ImA

α
110(r, r

′;ω)ṼE1(r′, ω)drdr′,(44)

SM1(ω) = − 1
π

∑
α=n,p

∫
Ṽ α∗M1(r, ω) ImA

α
101(r, r

′;ω)Ṽ αM1(r
′, ω)drdr′,(45)

ṼE1(r, ω) = r +
Cf ′

2r2
∑
α=n,p

∫
A

(0)α
(110(r, r

′;ω)ṼE1(r′, ω)dr′, (46)

Ṽ αM1(r, ω) = Mα +
C

r2

∑
α′

∫
gαα

′
A

(0)α′

101 (r, r′;ω)Ṽ α
′

M1(r
′, ω)dr′, (47)

£¤¥ Mn = µn, Mp = µp − 1/2, gnn = gpp = g + g′; gnp = gpn = g − g′. 
 ¤¨-
 ²Ó´ Ö Î ¸ÉÓ ËÊ´±Í¨¨ µÉ±²¨±  ¸²¥¤ÊÕÐ¨³ µ¡· §µ³ ¢Ò· ¦ ¥É¸Ö ¢ É¥·³¨´ Ì
µ¡µ²µÎ¥Î´µ° ³µ¤¥²¨:

A
(0)α
JLS(r, r

′;ω) =
∑
λ(λ′) t(λ)(λ′)(JLS)n

α
λχ
α
λ(r)χ

α
λ(r

′)×
×[gα(0)(λ′)(r, r

′; ελ + ω) + gα(0)(λ′)(r, r
′; ελ − ω)], (48)

£¤¥ r−1χαλ(r) Å µ¤´µÎ ¸É¨Î´Ò¥ · ¤¨ ²Ó´Ò¥ ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ ´Ê±²µ´µ¢,
gα(0)(λ)(r, r

′; ε) Å ËÊ´±Í¨Ö ƒ·¨´  · ¤¨ ²Ó´µ£µ Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥·  ¸ ¶µ-

É¥´Í¨ ²µ³ µ¡µ²µÎ¥Î´µ° ³µ¤¥²¨, t(λ)(λ′)(JLS) = (2J + 1)−1 |< jλlλ ‖ TJLS ‖
jλ′ lλ′ >|2 Å ±¨´¥³ É¨Î¥¸±¨° Ë ±Éµ·, nλ = Nλ/(2jλ + 1). Œ´¨³ Ö Î ¸ÉÓ · -
¤¨ ²Ó´µ° ËÊ´±Í¨¨ µÉ±²¨±  ¢ (44),(45) ¢Ò· ¦ ¥É¸Ö ¸µ£² ¸´µ (26) ¢ É¥·³¨´ Ì
µ¡µ²µÎ¥Î´µ° ¨ µ¶É¨Î¥¸±µ° ³µ¤¥²¥° ¸ ÊÎ¥Éµ³ § ³¥´Ò (27):

ImAαJLS(r, r
′;ω) = δAαJLS(rr

′, ω) + δAααJLS(rr
′,−ω), (49)

δAαJLS(r, r
′;ω) =

∑
λ(λ′)

t(λ)(λ′)(JLS)χαλ(r)χ
α
λ(r

′)× (50)

×[θt(εαλ − µ) Im g
α(p)
(λ′) (r, r

′; ελ + ω)− (1− θt(εαλ − µ)) Im g
α(h)
(λ′) (r, r

′; ελ − ω)],

£¤¥ gα(p,h)
(λ) (r, r′; ε) Å · ¤¨ ²Ó´ Ö µ¶É¨±µ³µ¤¥²Ó´ Ö ËÊ´±Í¨Ö ƒ·¨´ . �É³¥É¨³,

ÎÉµ ¢ ¸²ÊÎ ¥ M1-¶¥·¥Ìµ¤µ¢ ¸Ê³³¨·µ¢ ´¨¥ ¶µ (λ′) ¢ (48), (50) Ë ±É¨Î¥¸±¨
µÉ¸ÊÉ¸É¢Ê¥É, ¶µ¸±µ²Ó±ÊM1-¢µ§¡Ê¦¤¥´¨Ö³ Ìµ²µ¤´µ£µ Ö¤·  µÉ¢¥Î ÕÉ ¶¥·¥Ìµ¤Ò
É¨¶  ¸¶¨´-Ë²¨¶: lλ′ = lλ, | jλ′ − jλ |= 1.

„²Ö · ¸Î¥É  ¸¨²µ¢µ° ËÊ´±Í¨¨ ®Ì¢µ¸É ¯ E1 ƒ
 ¢ Ö¤· Ì ¸µ ¸¶ ·¨¢ ´¨¥³
É ±¦¥ ¨¸¶µ²Ó§µ¢ ²¨¸Ó Ëµ·³Ê²Ò (44), (46), ¢ ±µÉµ·ÒÌ Ë¨£Ê·¨·ÊÕÉ

A
(0)α
110 (r, r′;ω) ¨ δAα110(r, r

′;ω), ¶µ²ÊÎ¥´´Ò¥ ´  µ¸´µ¢¥ ¢Ò· ¦¥´¨° (32) ¨ (29)
¸µµÉ¢¥É¸É¢¥´´µ (·¥§Ê²ÓÉ É¨¢´µ ¶¥·¥Ìµ¤ ± · ¤¨ ²Ó´µ° Î ¸É¨ ËÊ´±Í¨¨ µÉ±²¨± 
¸¢µ¤¨É¸Ö ± § ³¥´¥ x → r ¨ ¶µÖ¢²¥´¨Õ ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ±¨´¥³ É¨Î¥¸±µ£µ
Ë ±Éµ· ).
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�µ¸±µ²Ó±Ê Ì · ±É¥·´Ò¥ Ô´¥·£¨¨ M1 c − s-¶¥·¥Ìµ¤µ¢ ¶µ·Ö¤±  Ô´¥·£¨¨
³ ±¸¨³Ê³  M1 ƒ
, Éµ ¤²Ö · ¸Î¥É  ¸¨²µ¢µ° ËÊ´±Í¨¨ M1 ƒ
 ´¥µ¡Ìµ¤¨³µ
µ¡µ¡Ð¨ÉÓ ¶µ²Ê³¨±·µ¸±µ¶¨Î¥¸±¨° ¶µ¤Ìµ¤. �Éµ µ¡µ¡Ð¥´¨¥ ¡Ò²µ ¸¤¥² ´µ ¸²¥-
¤ÊÕÐ¨³ ¸¶µ¸µ¡µ³. ‚ · ³± Ì Š�‘” ¸ ¶·¨¡²¨¦¥´´Ò³ ÊÎ¥Éµ³ ¸¶ ·¨¢ ´¨Ö ¶µ
Ëµ·³Ê² ³ (45), (47), (32) ¢ÒÎ¨¸²Ö² ¸Ó ³ £´¨É´µ-¤¨¶µ²Ó´ Ö ¶µ²Ö·¨§Ê¥³µ¸ÉÓ ¨
´ Ìµ¤¨²¨¸Ó ¥¥ ¶µ²Õ¸  ωg ¨ ¢ÒÎ¥ÉÒ ¢ ¶µ²Õ¸ Ì M2

g , ±µÉµ·Ò¥ Ì · ±É¥·¨§ÊÕÉ,
¸µµÉ¢¥É¸É¢¥´´µ, Ô´¥·£¨Õ ¨ ®¸¨²Ê¯ 1+ ¢Ìµ¤´ÒÌ ¸µ¸ÉµÖ´¨°, Ëµ·³¨·ÊÕÐ¨Ì M1
ƒ
. ’ ±¨³ µ¡· §µ³, ¢ Ê± § ´´µ³ ¶·¨¡²¨¦¥´¨¨ ¸¨²µ¢ Ö ËÊ´±Í¨Ö ¨³¥¥É ¢¨¤

S
(0)
M1(ω) =

∑
g
M2
g δ(ω − ωg). ‘¢Ö§Ó ¢Ìµ¤´ÒÌ ¸µ¸ÉµÖ´¨° ¸ ³´µ£µÎ ¸É¨Î´Ò³¨

±µ´Ë¨£Ê· Í¨Ö³¨ ÊÎ¨ÉÒ¢ ¥É¸Ö Ë¥´µ³¥´µ²µ£¨Î¥¸±¨ ¶ÊÉ¥³ ÊÏ¨·¥´¨Ö ± ¦¤µ£µ
δ-ËÊ´±Í¨µ´´µ£µ ¶¨±  (¸³. É ±¦¥ [60], £¤¥ ¶µ¤µ¡´Ò° ¶µ¤Ìµ¤ ¶·¨³¥´¥´ ± µ¶¨-
¸ ´¨Õ ¸¥Î¥´¨° ËµÉµ´Ê±²µ´´ÒÌ ·¥ ±Í¨° ¢ µ¡² ¸É¨ ³ ±¸¨³Ê³  ¤¨¶µ²Ó´µ£µ ƒ
),
É ± ÎÉµ ¢Ò· ¦¥´¨¥ ¤²Ö ¸¨²µ¢µ° ËÊ´±Í¨¨ ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

SM1(ω) =
1
2π

∑
g

M2
g

Γg(ω)
(ω − ωg)2 + Γ2

g(ω)/4
. (51)

‡¤¥¸Ó Γg(ω) Å Ï¨·¨´  ¢Ìµ¤´µ£µ ¸µ¸ÉµÖ´¨Ö, µ¡Ê¸²µ¢²¥´´ Ö Ê± § ´´µ° ¸¢Ö§ÓÕ.
…¸É¥¸É¢¥´´µ ¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ ±¢ §¨Î ¸É¨ÍÒ, Ëµ·³¨·ÊÕÐ¨¥ ¸µ¸ÉµÖ´¨¥ g,
¸É É¨¸É¨Î¥¸±¨ ´¥§ ¢¨¸¨³µ · ¸¶ ¤ ÕÉ¸Ö ´  ¸²µ¦´Ò¥ ±µ´Ë¨£Ê· Í¨¨. ‚ ÔÉµ³
¸²ÊÎ ¥

Γg(ω) =
∑
ph

P gph(Γ
p(ω − Eh) + Γh(ω − Ep)), (52)

£¤¥ P gph Å ¢¥·µÖÉ´µ¸ÉÓ ´ °É¨ Î ¸É¨Î´µ-¤Ò·µÎ´ÊÕ ±µ´Ë¨£Ê· Í¨Õ ph ¢ ¸µ¸ÉµÖ-

´¨¨ g. Š¢ §¨Î ¸É¨Î´Ò¥ Ï¨·¨´Ò Γp(h) ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ³´¨³ÊÕ Î ¸ÉÓ µ¶É¨-
Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  ¸µ£² ¸´µ (14),   ¢ ¨Ì Ô´¥·£¥É¨Î¥¸±¨Ì  ·£Ê³¥´É Ì ÊÎÉ¥´
ÔËË¥±É ®¸Ìµ¤  ±¢ §¨Î ¸É¨Í ¸ ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨¯ [22]. �  ¶· ±É¨±¥, µ¤-
´ ±µ, ¢ÒÎ¨¸²¥´¨Ö ¸µ£² ¸´µ (52) ´¥ ¶·µ¢µ¤¨²¨¸Ó. ‚³¥¸Éµ ÔÉµ£µ ¨¸¶µ²Ó§µ¢ ²¸Ö
¶·¨¡²¨¦¥´´Ò° ³¥Éµ¤ ¨§¢²¥Î¥´¨Ö ¢¥²¨Î¨´ Γg ¨§ ¶·µÍ¥¤Ê·Ò ¸Ï¨¢±¨ ¢¡²¨§¨
Ô´¥·£¨¨ ¢Ìµ¤´µ£µ ¸µ¸ÉµÖ´¨Ö g ¢Ò· ¦¥´¨Ö (51) (¸ ÊÎ¥Éµ³ Éµ²Ó±µ µ¤´µ£µ ¶µ-
²Õ¸  g) ¸ ¸¨²µ¢µ° ËÊ´±Í¨¥°, · ¸¸Î¨É ´´µ° ¶µ Ëµ·³Ê² ³, ¶·¨¢¥¤¥´´Ò³ ¢ÒÏ¥
¤²Ö µ¶¨¸ ´¨Ö ®Ì¢µ¸Éµ¢¯ ƒ
. �·¨ ÔÉµ³ ¢Ò¡¨· ²µ¸Ó Ë¨±É¨¢´µ¥ ³ ²µ¥ α ¸ ¶µ-
¸²¥¤ÊÕÐ¨³ ¶¥·¥¸Î¥Éµ³ ± ·¥ ²Ó´µ³Ê. �´¥·£¥É¨Î¥¸±µ¥ ¶µ¢¥¤¥´¨¥ ¢¥²¨Î¨´Ò Γg
³µ¤¥²¨·µ¢ ²o¸Ó ²¨´¥°´µ° § ¢¨¸¨³µ¸ÉÓÕ, ¸  ´ ²µ£¨Î´µ° ¶·µÍ¥¤Ê·µ° µ¶·¥¤¥-
²¥´¨Ö ¶·µ¨§¢µ¤´µ°.

’ ±¨³ µ¡· §µ³, É ± ¦¥, ± ± ¨ ¢ ¸²ÊÎ ¥ ¸¨²µ¢µ° ËÊ´±Í¨¨ S1(ω ∼ Bn), ¤²Ö
· ¸Î¥É  ¸¨²µ¢µ° ËÊ´±Í¨¨ M1 ƒ
 ¢ · ³± Ì ¶µ²Ê³¨±·µ¸±µ¶¨Î¥¸±µ£µ ¶µ¤Ìµ¤ 
´¥ É·¥¡Ê¥É¸Ö ¢¢¥¤¥´¨Ö ´µ¢ÒÌ, ¶µ³¨³µ §´ Î¥´¨Ö α, ¸¢µ¡µ¤´ÒÌ ¶ · ³¥É·µ¢.

3.2. ‘·¥¤´ÖÖ ¶µ²´ Ö · ¤¨ Í¨µ´´ Ö Ï¨·¨´  ±µ³¶ Ê´¤-¸µ¸ÉµÖ´¨°. ‡´ -
´¨¥ ¢¥²¨Î¨´ sE1,M1(ω) ¶µ§¢µ²Ö¥É, ¢ ¸¢µÕ µÎ¥·¥¤Ó, · ¸¸Î¨É ÉÓ §´ Î¥´¨¥ ¸·¥¤-
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´¥° ¶µ²´µ° · ¤¨ Í¨µ´´µ° Ï¨·¨´Ò ´¥°É·µ´´ÒÌ ·¥§µ´ ´¸µ¢ ¸µ£² ¸´µ ¸²¥¤ÊÕ-
Ð¨³ ¢Ò· ¦¥´¨Ö³:

Γtot
γ = Γstγ + Γdir

γ , (53)

Γstγ (E1,M1) = 3ρ−1
0 (Un)

Un∫
0

sE1,M1(ω,Un − ω)ρ0(Un − ω)dω,

Γdir
γ (E1,M1) = dc

∑
s
sE1,1(Bn − Es),

£¤¥ Γstγ ¨ Γdir
γ µ¡µ§´ Î ÕÉ, ¸µµÉ¢¥É¸É¢¥´´µ, ¢±² ¤ c − c′- ¨ c − s-¶¥·¥Ìµ¤µ¢,

Un = Bn − ∆̃, Bn Å Ô´¥·£¨Ö ¸¢Ö§¨ ´¥°É·µ´ , ρJ (U) Å ¶²µÉ´µ¸ÉÓ Ê·µ¢´¥° ¸
Ê£²µ¢Ò³ ³µ³¥´Éµ³ J :

ρJ (U) ∼ (2J + 1)(aU2)−1 exp(2
√
aU), (54)

Es Å Ô´¥·£¨Ö ¢µ§¡Ê¦¤¥´¨Ö s-¸µ¸ÉµÖ´¨Ö, · ¸¶ ¤ ´  ±µÉµ·µ¥ · §·¥Ï¥´ ¸µµÉ-
¢¥É¸É¢ÊÕÐ¨³ ¶· ¢¨²µ³ µÉ¡µ· .

Š ± ¶· ¢¨²µ, ¶·¨ ¢ÒÎ¨¸²¥´¨¨ Γtot
γ ³µ¦´µ ¶·¥´¥¡·¥ÎÓ ¢±² ¤µ³ Γdir

γ µÉ

®¶·Ö³ÒÌ¯ c− s-¶¥·¥Ìµ¤µ¢. ’ ±, µÍ¥´±  ¢±² ¤  ¶·Ö³ÒÌ ¶¥·¥Ìµ¤µ¢ Γdir
γ , µ¸´µ-

¢ ´´ Ö ´  ²µ·¥´Í¥¢¸±µ° ¶ · ³¥É·¨§ Í¨¨ ¤²Ö ¢¥²¨Î¨´Ò s(ω):

Γdir
γ � 10−6Adc

∑
s

[
(Bn − Es)3

(E2
g − (Bn − Es)2)Eg

]2 Γg
ŒÔ‚

, (55)

¶·¨¢µ¤¨É ± ·¥§Ê²ÓÉ ÉÊ, ¶·¥´¥¡·¥¦¨³µ ³ ²µ³Ê ¶µ ¸· ¢´¥´¨Õ ¸ ´ ¡²Õ¤ ¥³Ò³
§´ Î¥´¨¥³ Γtot

γ (¤²Ö ¢Ò¡µ·  dc = 50 Ô‚, Γg = 4 ŒÔ‚, Eg = 15 ŒÔ‚,
Bn = 7 ŒÔ‚ ¢±² ¤ µÉ µ¤´µ£µ ¶¥·¥Ìµ¤  ¶µ·Ö¤±  0, 5 ³Ô‚). Š·µ³¥ Éµ£µ, ¤²Ö
·Ö¤  Ö¤¥· ¨³¥¥É ³¥¸Éµ § ¶·¥É ¤¨¶µ²Ó´ÒÌ ¶¥·¥Ìµ¤µ¢ ¢ ´¨§±µ²¥¦ Ð¨¥ ¸µ¸ÉµÖ-
´¨Ö ¢¸²¥¤¸É¢¨¥ ¶· ¢¨² µÉ¡µ·  ¶µ ¸¶¨´Ê ¨ Î¥É´µ¸É¨. �¤´ ±µ ÊÎ¥É Ê± § ´´µ£µ
¢±² ¤  ³µ¦¥É µ± § ÉÓ¸Ö ¸ÊÐ¥¸É¢¥´´Ò³ ¤²Ö Ö¤¥· ¸ µÉ´µ¸¨É¥²Ó´µ ´¥¡µ²ÓÏ¨³
Î¨¸²µ³ ´Ê±²µ´µ¢,   É ±¦¥ ¤²Ö ³ £¨Î¥¸±¨Ì ¨ µ±µ²µ³ £¨Î¥¸±¨Ì Ö¤¥·.

3.3. ˆ´É¥´¸¨¢´µ¸É¨ ¸² ¡µ£µ ¸³¥Ï¨¢ ´¨Ö ±µ³¶ Ê´¤-¸µ¸ÉµÖ´¨°. „²Ö ¢Ò-
Î¨¸²¥´¨° ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢Mw ¸² ¡µ£µ ¸³¥Ï¨¢ ´¨Ö ±µ³¶ Ê´¤-¸µ¸ÉµÖ´¨°
¨¸¶µ²Ó§µ¢ ²µ¸Ó ¸²¥¤ÊÕÐ¥¥ ¶·¥¤¸É ¢²¥´¨¥ ¤²Ö ¸² ¡µ£µ Ö¤¥·´µ£µ ¶µ²Ö [61]:

Vw =
π

2
10−6Λ3

Nc{ξn(1 + τ (3)) + ξp(1− τ (3))}[σp, C(r)]+, (56)

£¤¥ ΛN = �/mc, p Å ¨³¶Ê²Ó¸ ´Ê±²µ´ , C Å Ö¤¥·´ Ö ¶²µÉ´µ¸ÉÓ, ´µ·³¨·µ¢ ´-
´ Ö ´  ¶µ²´µ¥ Î¨¸²µ ´Ê±²µ´µ¢ A. ’µ£¤  ¢¥²¨Î¨´Ò M2

w ¨ Γ↓
w µ¶·¥¤¥²ÖÕÉ¸Ö

¸¨²µ¢µ° ËÊ´±Í¨¥°, ¸µµÉ¢¥É¸É¢ÊÕÐ¥° ¶µ²Õ (56):

M2
w = Sw(ω = 0, U = Un)dc ; Γ↓

w = 2πSw(ω = 0, U = Un). (57)
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ˆ¸¶µ²Ó§ÊÖ µÍ¥´±Ê (28) ¤²Ö SV (0, U) ¸ D � εFA
−1/3 (εF � 40 MÔB),

α � 0, 1 MÔB−1, t � 0, 5 MÔB ¨  ³¶²¨ÉÊ¤Ê ¶µ²Ö (56) c ξ = 1, p � pF =
=

√
2mεF , ¶µ²ÊÎ¨³: Sw ∼ 10−8Ô‚ = 10 ´Ô‚.
�É¤¥²¥´¨¥ ¸¶¨´-Ê£²µ¢ÒÌ ¨ ¨§µ¸¶¨´µ¢ÒÌ ¶¥·¥³¥´´ÒÌ ¢ ¡ §¨¸´ÒÌ ¸µµÉ´µ-

Ï¥´¨ÖÌ (26), (8) ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¢Ò· ¦¥´¨Ö ¤²Ö ¶µ²Ö Vw (56) ¢ ¸Ë¥·¨Î¥¸±µ°
¸¨¸É¥³¥ ±µµ·¤¨´ É ¶·¨¢µ¤¨É ± ¸²¥¤ÊÕÐ¥³Ê ¶·¥¤¸É ¢²¥´¨Õ ¤²Ö ¢¥²¨Î¨´Ò Sw:

Sw =
∑
β=n,p

sβw · ξ2β ,

sβw =
2
π
e2w Im

∫
drdr′

∑
λλ′

t(λ)(λ′)χ
β
λ(r)L̂

r′

(λ′)(λ)[χ
β
λ(r

′)]× (58)

×L̂r(λ)(λ′)[θt(ε
β
λ − µβ)g

(p)β
(λ′) (r, r

′; εβλ)− (1− θt(εβλ − µβ))g
(h)β
(λ′) (r, r

′; εβλ)].

‡¤¥¸Ó ew = 0, 75 ·10−6(ΛN/r0)3�c; t(λ)(λ′) = (2jλ+1)δjλjλ′ ; µ¶¥· Éµ· L̂
r
(λ)(λ′)

µ¶·¥¤¥²Ö¥É¸Ö ± ±

L̂r(λ)(λ′) = 2f(r,R, a)
(
∂

∂r
+
B(λ)(λ′)

r

)
+
∂f(r,R, a)

∂r
,

£¤¥ B(λ′)(λ) = (lλ(lλ + 1) − lλ′(lλ′ + 1))/2, f(r,R, a0) = (1 + exp [(r−
−R)/a0])−1 Å ËÊ´±Í¨Ö ‚Ê¤¸ Å‘ ±¸µ´ , R = r0A1/3 Å · ¤¨Ê¸ Ö¤·  (³Ò ¨¸-

¶µ²Ó§µ¢ ²¨ ¸²¥¤ÊÕÐ¥¥ ¶·¥¤¸É ¢²¥´¨¥ ¤²Ö ¶²µÉ´µ¸É¨: C(r) = 3AR3

4π f(r,R, a0)).
‚ ¸²ÊÎ ¥ ¸É É¨Î¥¸±¨Ì (ω = 0) ¸² ¡ÒÌ ¶¥·¥Ìµ¤µ¢ ¢§ ¨³µ¤¥°¸É¢¨¥ ±¢ §¨-

Î ¸É¨Í ¢ ± ´ ²¥ Î ¸É¨Í  Ä ¤Ò·± , ´¥ § ¢¨¸ÖÐ¥¥ µÉ ¸±µ·µ¸É¥° ±¢ §¨Î ¸É¨Í,
´¥ ¶·¨¢µ¤¨É ± ¶µ²Ö·¨§ Í¨µ´´Ò³ ÔËË¥±É ³. „¥°¸É¢¨É¥²Ó´µ, ¢¸²¥¤¸É¢¨¥ ¨´-
¢ ·¨ ´É´µ¸É¨ ¶µ²Ö Vw (56) µÉ´µ¸¨É¥²Ó´µ µ¶¥· Í¨¨ µ¡· Ð¥´¨Ö ¢·¥³¥´¨, ¢
¢Ò· ¦¥´¨¨ ¤²Ö ÔËË¥±É¨¢´µ£µ ¶µ²Ö Ṽw, Ê¤µ¢²¥É¢µ·ÖÕÐ¥£µ Ê· ¢´¥´¨Õ (7), ³µ-
¦¥É ¢µ§´¨±´ÊÉÓ Éµ²Ó±µ ¤µ¶µ²´¨É¥²Ó´µ¥ ¸² £ ¥³µ¥, ¶·µ¶µ·Í¨µ´ ²Ó´µ¥ ωσr/r.
‘É É¨Î¥¸±¨° ¶µ²Ö·¨§ Í¨µ´´Ò° ÔËË¥±É ¨³¥¥É ³¥¸Éµ Éµ²Ó±µ §  ¸Î¥É § ¢¨¸ÖÐ¥°
µÉ ¨³¶Ê²Ó¸µ¢ Î ¸É¨ Î ¸É¨Î´µ-¤Ò·µÎ´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö. Œµ¦´µ µ¦¨¤ ÉÓ,
ÎÉµ ¨´É¥´¸¨¢´µ¸ÉÓ ÔÉµ° Î ¸É¨ ³ ²  [21].

3.4. ‚ ²¥´É´Ò° ³¥Ì ´¨§³ Ëµ·³¨·µ¢ ´¨Ö ¨´É¥´¸¨¢´µ¸É¥° ®¸² ¡ÒÌ¯
c − c′-¶¥·¥Ìµ¤µ¢. ‘µ£² ¸´µ (23), ¢¥²¨Î¨´  (M2

w)val ³µ¦¥É ¡ÒÉÓ · ¸¸Î¨É ´ 
¸ ¶µ³µÐÓÕ µ¶É¨Î¥¸±µ° ³µ¤¥²¨. ‡¤¥¸Ó ³Ò ¨¸¶µ²Ó§Ê¥³ ¡µ²¥¥ Ê¤µ¡´Ò° ³¥Éµ¤
¢ÒÎ¨¸²¥´¨°, µ¸´µ¢ ´´Ò° ´  ¶·µÍ¥¤Ê·¥ ¶¥·¥¸Î¥É  ¶·µ¨§¢¥¤¥´¨Ö ¶·¨¢¥¤¥´´ÒÌ
(± 1 Ô‚) ¸·¥¤´¨Ì ´¥°É·µ´´ÒÌ Ï¨·¨´ Γ0

s1/2
¨ Γ0

p1/2
¤²Ö, ¸µµÉ¢¥É¸É¢¥´´µ, s1/2

¨ p1/2 ±µ³¶ Ê´¤-·¥§µ´ ´¸µ¢ ¢ ¢¥²¨Î¨´Ê (M2
w)val. �µ¸²¥ µÉ¤¥²¥´¨Ö ¸¶¨´-

Ê£²µ¢ÒÌ ¶¥·¥³¥´´ÒÌ ¢ ¢Ò· ¦¥´¨¨ (23) ¨³¥¥³

(M2
w)val = Γ0

s1/2
Γ0
p1/2
q2w, (59)
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q2w = −(
ε

1 Ô‚
)2

2
π2

ξ2ne
2
w

Ss1/2Sp1/2

∫
drdr′L̂r(p1/2)(s1/2)

[Im gn(s1/2)(r, r
′; ε)]×

×L̂r′(s1/2)(p1/2)[Im g
n
(p1/2)

(r, r′; ε)],

£¤¥ Ss1/2,p1/2 Å ¸µµÉ¢¥É¸É¢¥´´µ, s1/2 ¨ p1/2-´¥°É·µ´´Ò¥ ¸¨²µ¢Ò¥ ËÊ´±Í¨¨,
ε Å ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö ´¥°É·µ´ .

Œµ¦´µ ¤ ÉÓ ¸²¥¤ÊÕÐ¨¥ ¶µÖ¸´¥´¨Ö ± Ê· ¢´¥´¨Õ (59). �µ¸±µ²Ó±Ê ´¥°-
É·µ´´Ò¥ ¸¨²µ¢Ò¥ ËÊ´±Í¨¨ ³µ£ÊÉ ¡ÒÉÓ · ¸¸Î¨É ´Ò ¸ ¶µ³µÐÓÕ µ¶É¨Î¥¸±µ°
³µ¤¥²¨ (Ss1/2,p1/2 = 2

πηs1/2,p1/2 , £¤¥ ηs,p Å ³´¨³ Ö Î ¸ÉÓ ´¥°É·µ´´ÒÌ Ë §
· ¸¸¥Ö´¨Ö), ¢¥²¨Î¨´  q2w ³µ¦¥É ¡ÒÉÓ É ±¦¥ ¢ÒÎ¨¸²¥´  ¢ · ³± Ì µ¶É¨Î¥¸±µ°
³µ¤¥²¨ ¶·¨ Éµ³, ÎÉµ ¸µ£² ¸´µ ¶.2.4 µ´  µ¦¨¤ ¥É¸Ö ´¥ § ¢¨¸ÖÐ¥° µÉ w.

‚ µÉ²¨Î¨¥ µÉ ¥¥ Ë¨§¨Î¥¸±µ£µ ¸³Ò¸² , ¢¥²¨Î¨´  (M2
w)val, µ¶·¥¤¥²Ö¥³ Ö

Ê· ¢´¥´¨¥³ (59), ´¥ µ¡· Ð ¥É¸Ö ¢ ´Ê²Ó ¶·¨ w = 0 ¨§-§  ¢±² ¤  µ¤´µÎ ¸É¨Î-
´µ£µ ±µ´É¨´ÊÊ³  ¢ Im g(r, r′; ε > 0). „²Ö ¨¸±²ÕÎ¥´¨Ö ÔÉµ£µ ÔËË¥±É  ¸²¥¤Ê¥É
¨¸¶µ²Ó§µ¢ ÉÓ ¸²¥¤ÊÕÐÊÕ ¶µ¤¸É ´µ¢±Ê ¢ (59) (¸·. ¸ µ¶¨¸ ´¨¥³ ¢ ²¥´É´µ°
Î ¸É¨ E1-· ¤¨ Í¨µ´´µ° ¸¨²µ¢µ° ËÊ´±Í¨¨ ´¥°É·µ´´ÒÌ ·¥§µ´ ´¸µ¢ [55]):

Im g(r, r′; ε) → Im g(r, r′; ε) + πχopt
ε (r)χopt∗

ε (r′). (60)

�µ¸²¥ ÔÉµ° ¶µ¤¸É ´µ¢±¨ (M2
w)val → 0, ¨ q2w ¸É·¥³¨É¸Ö ± ±µ´¥Î´µ³Ê ¶·¥¤¥²Ê,

±µ£¤  w→ 0. �µ¤¸É ´µ¢±  (60) ´¥ ¨³¥¥É ¶· ±É¨Î¥¸±µ£µ §´ Î¥´¨Ö ¢ ¸²ÊÎ ¥ ¨¸-
¶µ²Ó§µ¢ ´¨Ö ·¥ ²¨¸É¨Î¥¸±¨Ì ¶ · ³¥É·µ¢ µ¶É¨Î¥¸±µ° ³µ¤¥²¨, ¶µ¸±µ²Ó±Ê ¢Ò-
¶µ²´¥´µ ´¥· ¢¥´¸É¢µ Γ↓

λ 	 Γ↑
λ, ¨, ± ± ·¥§Ê²ÓÉ É, ¶µ¸²¥¤´¨³ Î²¥´µ³ ¢ (60)

³µ¦´µ ¶·¥´¥¡·¥ÎÓ.

4. ‚›<	� ����Œ…’�	‚ Œ	„…‹ˆ ˆ �…‡“‹œ’�’› ��‘—…’	‚

4.1. ‚Ò¡µ· ¶ · ³¥É·µ¢ ³µ¤¥²¨. „²Ö · ¸Î¥É  c¨²µ¢ÒÌ ËÊ´±Í¨° ¸µ£² ¸´µ
(44)Ä(47) ´¥µ¡Ìµ¤¨³µ, ¶µ³¨³µ ÔËË¥±É¨¢´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ±¢ §¨Î ¸É¨Í ¢
± ´ ²¥ Î ¸É¨Í  Ä ¤Ò·±  F (x, x′), § ¤ ÉÓ É ±¦¥ ¸·¥¤´¥¥ ¶µ²¥ Ö¤·  u(x). ‚ ± -
Î¥¸É¢¥ ¸·¥¤´¥£µ ¶µ²Ö ¨¸¶µ²Ó§µ¢ ²¸Ö ¶µÉ¥´Í¨ ² É¨¶  ‚Ê¤¸ Å‘ ±¸µ´  ¸ ¶ · -
³¥É· ³¨ ¨§ · ¡µÉÒ [62] (µ¡µ²µÎ¥Î´Ò° ¶µÉ¥´Í¨ ² �¥³¨·µ¢¸±µ£µÅ—¥¶Ê·´µ¢ ),
¨³¥ÕÐ¨° ¸²¥¤ÊÕÐ¨° ¢¨¤:

u(x) = u0(r) + uso(r)(σl) + v(r)
τ (3)

2
+ uc(r)

1 − τ (3)
2

. (61)

‡¤¥¸Ó u0(r)Å ¨§µ¸± ²Ö·´ Ö Î ¸ÉÓ µ¡µ²µÎ¥Î´µ£µ ¶µÉ¥´Í¨ ² , uso(r)(σl)Å
¸¶¨´-µ·¡¨É ²Ó´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥, v(r) Å ¶µÉ¥´Í¨ ² ¸¨³³¥É·¨¨, uc(r) Å
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Ô´¥·£¨Ö ±Ê²µ´µ¢¸±µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶·µÉµ´  ¸ Ö¤·µ³. ‚¥²¨Î¨´Ò u0(r),
uso(r), v(r) ¨ uc(r) ¶ · ³¥É·¨§µ¢ ²¨¸Ó ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

u0(r) = −u0f(r,R, a0), v(r) = 2βu0
N − Z
A

f(r,R, a0), (62)

uso(r) = −usoΛ2 1
r

d

dr
f(r,R, a0), (σl) =

{
−lλ − 1, jλ = lλ − 1

2
lλ, jλ = lλ + 1

2 ,
(63)

uc =
{

(Ze2/2R)(3− (r/R)2), r ≤ R
Ze2/r, r > R,

(64)

£¤¥ l Å µ¶¥· Éµ· µ·¡¨É ²Ó´µ£µ ³µ³¥´É  ´Ê±²µ´ . � · ³¥É·Ò ¶µÉ¥´Í¨ ² 
(62)Ä(64), ¸ ¶µ³µÐÓÕ ±µÉµ·ÒÌ Ê¤ ¥É¸Ö Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ ¢µ¸¶·µ¨§¢¥¸É¨ Ô´¥·-
£¨¨ ¸¢Ö§¨ ´Ê±²µ´  ¤²Ö Ö¤¥· ¢ Ï¨·µ±µ³ ¨´É¥·¢ ²¥  Éµ³´ÒÌ ³ ¸¸, É ±µ¢Ò:

u0 = 53, 3 ŒÔ‚, r0 = 1, 24 Ë³, a0 = 0, 65 Ë³, (65)

uso = 7, 01(3− 4Z/A) ŒÔ‚, Λ = 1, 41 Ë³, β = 0, 63. (66)

ˆ´É¥´¸¨¢´µ¸É¨ ¸¶ ·¨¢ É¥²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö Gn(p) ¶µ¤¡¨· ²¨¸Ó ¤²Ö
± ¦¤µ£µ Ö¤·  É ±, ÎÉµ¡Ò ·¥§Ê²ÓÉ É ·¥Ï¥´¨Ö ¸¨¸É¥³Ò Ê· ¢´¥´¨° (30) µÉ´µ-
¸¨É¥²Ó´µ µ ¨ ∆ ¶µ§¢µ²¨² ¢µ¸¶·µ¨§¢¥¸É¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¶ ·´Ò¥ Ô´¥·-
£¨¨ [59] (¸Ê³³¨·µ¢ ´¨¥ ¢ (30) ¶·µ¨§¢µ¤¨²µ¸Ó ¶µ ¢¸¥³ µ¤´µÎ ¸É¨Î´Ò³ ¸¢Ö-
§ ´´Ò³ ¸µ¸ÉµÖ´¨Ö³). ”µ·³Ë ±Éµ· ³´¨³µ° Î ¸É¨ µ¶É¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  fw
¢Ò¡¨· ²¸Ö ¢ ¢¨¤¥ ËÊ´±Í¨¨ ‚Ê¤¸ Å‘ ±¸µ´  f(r,R, a0).

‚ · ¸Î¥É Ì É ±¦¥ ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¤¢  ´ ¡µ·  ¶ · ³¥É·µ¢ ¸² ¡µ£µ ´Ê±²µ´-
Ö¤¥·´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö [61]: ξn = −0, 7, ξp = 3, 3 (´ ¡µ· I) ¨ ξn = ξp =
= 3, 3 (´ ¡µ· II).

�É´µ¸¨É¥²Ó´µ ¢Ò¡µ·  ¶ · ³¥É·µ¢ ³µ¤¥²¨ µÉ³¥É¨³ ¸²¥¤ÊÕÐ¥¥. ‚Ò¡µ·
¸·¥¤´¥£µ ¶µ²Ö ¨ ÔËË¥±É¨¢´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ¢¨¤¥ (62)Ä(66) ¨ (43) ± ±
´¥§ ¢¨¸¨³ÒÌ ¢Ìµ¤´ÒÌ ¢¥²¨Î¨´ Ö¢²Ö¥É¸Ö ´¥ ¥¤¨´¸É¢¥´´µ ¢µ§³µ¦´Ò³. ’ ±, ¢
· ¡µÉ Ì [23], [63] ¢Ìµ¤´µ° Ë¥´µ³¥´µ²µ£¨Î¥¸±µ° ¢¥²¨Î¨´µ° ¤²Ö ³¨±·µ¸±µ¶¨-
Î¥¸±µ£µ ¶µ¤Ìµ¤ , µ¸´µ¢ ´´µ£µ ´  �‘”, Ö¢²Ö¥É¸Ö ÔËË¥±É¨¢´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥
‘±¨·³ ,   ¸·¥¤´¥¥ ¶µ²¥ ´ Ìµ¤¨É¸Ö ¸ ¶µ³µÐÓÕ ³¥Éµ¤  • ·É·¨Å”µ± . ’ ±µ°
¢Ò¡µ· Ë¥´µ³¥´µ²µ£¨Î¥¸±¨Ì ¢¥²¨Î¨´ Ö¢²Ö¥É¸Ö ¡µ²¥¥ Ê¤µ¡´Ò³ ¸ Éµ° ÉµÎ±¨
§·¥´¨Ö, ÎÉµ ¢ ´¥³  ¢Éµ³ É¨Î¥¸±¨ ¢Ò¶µ²´Ö¥É¸Ö ·Ö¤ Ê¸²µ¢¨° ¸µ£² ¸µ¢ ´¨Ö (¶µ
É· ´¸²ÖÍ¨Ö³, ¨§µ¸¶¨´Ê ¨ É.¤.). �¤´ ±µ ¢ Éµ³ ¸²ÊÎ ¥, ±µ£¤  · ¸¸³ É·¨¢ ¥³µ¥
Ö¢²¥´¨¥ ´¥¶µ¸·¥¤¸É¢¥´´µ ´¥ ¸¢Ö§ ´µ ¸ ´ ·ÊÏ¥´¨¥³ Éµ° ¨²¨ ¨´µ° ¸¨³³¥É·¨¨
Ö¤¥·´µ£µ £ ³¨²ÓÉµ´¨ ´  (É· ´¸²ÖÍ¨µ´´µ°, ¨§µÉµ¶¨Î¥¸±µ° ¨ É.¤.), ¤µ¶Ê¸É¨³
¸ÊÐ¥¸É¢¥´´µ ¡µ²¥¥ ¶·µ¸Éµ° ¢ ·¥ ²¨§ Í¨¨ ¢Ò¡µ· ¸·¥¤´¥£µ ¶µ²Ö ¨ ÔËË¥±É¨¢-
´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ¢¨¤¥ (62)Ä(66) ¨ (43).

�¥µ¡Ìµ¤¨³Ò¥ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö Î ¸É¨Î´µ-¤Ò·µÎ´µ£µ ¶·µ¶ £ Éµ·  · ¤¨ ²Ó-
´Ò¥ ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ µ¤´µÎ ¸É¨Î´ÒÌ ¸µ¸ÉµÖ´¨° χλ(r) ¨ µ¤´µÎ ¸É¨Î´Ò¥
Ô´¥·£¨¨ ελ ¢ÒÎ¨¸²Ö²¨¸Ó ¸ ¶µ³µÐÓÕ Î¨¸²¥´´µ£µ ·¥Ï¥´¨Ö · ¤¨ ²Ó´µ£µ Ê· ¢-
´¥´¨Ö ˜·¥¤¨´£¥·  ¸ µ¡µ²µÎ¥Î´Ò³ ¶µÉ¥´Í¨ ²µ³ (62)Ä(66). „²Ö ¢ÒÎ¨¸²¥´¨Ö
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ËÊ´±Í¨° ƒ·¨´  ¢ ±µµ·¤¨´ É´µ³ ¶·¥¤¸É ¢²¥´¨¨ ¨¸¶µ²Ó§µ¢ ²µ¸Ó ¨Ì ¢Ò· ¦¥´¨¥
Î¥·¥§ ·¥£Ê²Ö·´µ¥ ¨ ´¥·¥£Ê²Ö·´µ¥ ·¥Ï¥´¨Ö · ¤¨ ²Ó´µ£µ Ê· ¢´¥´¨Ö ˜·¥¤¨´-
£¥·  [64].

4.2. �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢. Š ± Ê¦¥ Ê¶µ³¨´ ²µ¸Ó ¢ÒÏ¥, §´ Î¥´¨¥ ¥¤¨´-
¸É¢¥´´µ£µ ¶µ¤£µ´µÎ´µ£µ ¶ · ³¥É·  ³µ¤¥²¨ α (¸³. ¸µµÉ´µÏ¥´¨Ö (27), (34),
(38)) ´ Ìµ¤¨²µ¸Ó ¨§ ¸· ¢´¥´¨Ö · ¸Î¥É´µ° ¢¥²¨Î¨´Ò ¶µ²´µ° · ¤¨ Í¨µ´´µ°
Ï¨·¨´Ò (53) ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ §´ Î¥´¨¥³. 
¥§Ê²ÓÉ ÉÒ
¶µ¤£µ´±¨ ¶·¨¢¥¤¥´Ò ¢ É ¡². 1.

’ ¡²¨Í  1. �¥§Ê²ÓÉ ÉÒ ¶µ¤£µ´±¨ ¶ · ³¥É·  α. �·¨¢¥¤¥´ É ±¦¥ µÉ´µ¸¨É¥²Ó´Ò°
¢±² ¤ M1-¶¥·¥Ìµ¤µ¢ Γtot

γ (M1)/Γtot
γ ¢ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ · ¸Î¥É´Ò¥ §´ Î¥´¨Ö Γtot

γ .
E±¸¶¥·¨³¥´É ²Ó´Ò¥ ¢¥²¨Î¨´Ò (Γtot

γ )exp ¢§ÖÉÒ ¨§ · ¡µÉÒ [1] (§´ Î¥´¨Ö ¤²Ö
p-·¥§µ´ ´¸µ¢ § ±²ÕÎ¥´Ò ¢ ¸±µ¡±¨)

Kµ³¶ Ê´¤- α, (Γtot
γ )exp, Γtot

γ , Γtot
γ (M1)/Γtot

γ

Ö¤·µ ŒÔ‚−1 ³Ô‚ ³Ô‚
54Cr 0, 10
57Fe 0, 10 900 810 0,05

(300) (265) (0,36)
82Br 0, 18 300 318 0,14
106Pd 0, 07 155 ± 20 158 0,19
108Ag 0, 07 140 135 0,18
110Ag 0, 10 130 129 0,14
112Cd 0, 05 96 ± 20 112 0,29
114Cd 0, 11 160 ± 20 142 0,13
116In 0, 05 77 ± 4 84 0,26
118Sn 0, 03 80 ± 20 83 0,35
134Cs 0, 04 120 122 0,20
137Ba 0, 15 125 ± 30 96 0,11
139Ba 0, 1 55 ± 20 31 0,19
140La 0, 04 55 ± 6 60 0,34
144Nd 0, 1 80 ± 9 93 0,18
233Th 0, 08 24 ± 2 24 0,05
239U 0, 08 23, 2 ± 0, 3 23 0,06

ˆ§ µ¡Ð¥£µ  ´ ²¨§  ¶·¨¢¥¤¥´´ÒÌ ¤ ´´ÒÌ ³µ¦´µ ¸¤¥² ÉÓ ¸²¥¤ÊÕÐ¨¥ ¢Ò-
¢µ¤Ò. �É´µ¸¨É¥²Ó´Ò° ¢±² ¤ M1-¶¥·¥Ìµ¤µ¢ ³¥¦¤Ê Š‘ (±µÉµ·Ò° · ¸¸Î¨ÉÒ-
¢ ²¸Ö ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ´ ¡µ·  I ¸¶¨´-¸¶¨´µ¢ÒÌ ±µ´¸É ´É) ¢ Ëµ·³¨·µ¢ ´¨¥
¸·¥¤´¥° ¶µ²´µ° · ¤¨ Í¨µ´´µ° Ï¨·¨´Ò ´¥°É·µ´´ÒÌ ·¥§µ´ ´¸µ¢ ³µ¦¥É ¡ÒÉÓ
§ ³¥É´Ò³. �Éµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ ¸²¥¤Ê¥É ¨³¥ÉÓ ¢ ¢¨¤Ê ¶·¨  ´ ²¨§¥ ·¥ ±Í¨°, ¨¤Ê-
Ð¨x Î¥·¥§ µ¡· §µ¢ ´¨¥ ±µ³¶ Ê´¤-Ö¤· . �É³¥É¨³, ÎÉµ ¨§³¥´¥´¨Ö ¶ · ³¥É·  α
µÉ Ö¤·  ± Ö¤·Ê µ± § ²¨¸Ó ¢ ·Ö¤¥ ¸²ÊÎ ¥¢ ¤µ¢µ²Ó´µ ¡µ²ÓÏ¨³¨. ‚µ§³µ¦´µ, ÎÉµ
ÊÎ¥É ¸¶ ·¨¢ ´¨Ö ´Ê±²µ´µ¢ ¶·¨ t �= 0, ¨¸¶µ²Ó§µ¢ ´¨¥ ¡µ²¥¥ ÉµÎ´ÒÌ ¶ · -
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³¥É·¨§ Í¨° ¤²Ö ¶²µÉ´µ¸É¨ Ê·µ¢´¥° ¨ ¢Ò¡µ· ·¥ ²¨¸É¨Î¥¸±µ£µ Ëµ·³Ë ±Éµ· 
fw(r) ¶·¨¢¥¤ÊÉ ± ¸£² ¦¨¢ ´¨Õ ÔÉ¨Ì ¨§³¥´¥´¨°. ’¥³ ´¥ ³¥´¥¥ § ³¥É¨³, ÎÉµ
¢¸²¥¤¸É¢¨¥ µÉ²¨Î¨Ö ·¥ ²Ó´µ° ¶²µÉ´µ¸É¨ É·¥Ì±¢ §¨Î ¸É¨Î´ÒÌ ¸µ¸ÉµÖ´¨° µÉ
¸µµÉ¢¥É¸É¢ÊÕÐ¥° ±¢ §¨±² ¸¸¨Î¥¸±µ° µÍ¥´±¨, Ë ±É¨Î¥¸±¨ ¨¸¶µ²Ó§µ¢ ´´µ° ¢
· ¡µÉ¥, ¸ÊÐ¥¸É¢Ê¥É µ¡Ñ¥±É¨¢´ Ö ¢µ§³µ¦´µ¸ÉÓ ¤²Ö É ±¨Ì Ë²Ê±ÉÊ Í¨°.

C¤¥² ¥³ ¸²¥¤ÊÕÐ¨¥ ¶µÖ¸´¥´¨Ö ± É ¡². 1.
1. ‚ Ö¤·¥ 54Cr §´ Î¥´¨¥ ¢¥²¨Î¨´Ò α = 0, 1 MÔ‚ ¢Ò¡· ´µ ¢ ¸µµÉ¢¥É¸É¢¨¨

¸ ·¥§Ê²ÓÉ É ³¨ ¶µ¤£µ´±¨ Γtot
γ ¢ Ö¤·¥ 57Fe.

2. Ÿ¤·µ 57Fe ¶·¥¤¸É ¢²Ö¥É ¤µ¶µ²´¨É¥²Ó´Ò° ¨´É¥·¥¸ ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö
¢¸²¥¤¸É¢¨¥ ¡µ²ÓÏµ£µ ¢±² ¤  ´¥¸É É¨¸É¨Î¥¸±¨Ì c − s-¶¥·¥Ìµ¤µ¢ ¢ ¢¥²¨Î¨´Ê
Γtot
γ ¤²Ö s-·¥§µ´ ´¸µ¢ (±µ¸¢¥´´Ò³ ¸¢¨¤¥É¥²Ó¸É¢µ³ ÔÉµ£µ ³µ¦¥É ¸²Ê¦¨ÉÓ ¡µ²Ó-

Ï Ö · §´¨Í  ¢ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨ÖÌ Γtot
γ ¤²Ö s- ¨ p-·¥§µ´ ´¸µ¢:

Γtot
γ (l = 0) = 900 ³Ô‚ ¨ Γtot

γ (l = 1) = 300 ³Ô‚ ¸µµÉ¢¥É¸É¢¥´´µ. �µ¸±µ²Ó±Ê
¢¸¥ ¸µ¸ÉµÖ´¨Ö (¸ Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö Es < 2 ŒÔ‚) ¨³¥ÕÉ µÉ·¨Í É¥²Ó´ÊÕ
Î¥É´µ¸ÉÓ, Éµ ¢±² ¤ ¢ Γdir

γ ¤²Ö s-·¥§µ´ ´¸µ¢ ¢´µ¸ÖÉ Éµ²Ó±µ E1-¶¥·¥Ìµ¤Ò, ¢ Éµ
¢·¥³Ö ± ± ¤²Ö p-·¥§µ´ ´¸µ¢ Å Éµ²Ó±µ M1-¶¥·¥Ìµ¤Ò. ‡´ Î¥´¨Ö ¸µµÉ¢¥É¸É¢Ê-
ÕÐ¨Ì ¢±² ¤µ¢ É ±µ¢Ò: Γdir

γ (l = 0) = 360 ³Ô‚ ¨ Γdir
γ (l = 1) = 45 ³Ô‚.

Š·µ³¥ Éµ£µ, § ³¥É´µ¥ µÉ²¨Î¨¥ µÉ´µÏ¥´¨Ö ¶²µÉ´µ¸É¥° s- ¨ p-·¥§µ´ ´¸µ¢
(ds = 17 ±Ô‚ ¨ dp = 4 ±Ô‚) µÉ ¥£µ ¸É É¨¸É¨Î¥¸±µ£µ §´ Î¥´¨Ö, · ¢´µ£µ 1

3 , É·¥-
¡Ê¥É ¤²Ö ±µ··¥±É´µ£µ µ¶¨¸ ´¨Ö ¸É É¨¸É¨Î¥¸±µ£µ ¢±² ¤  ¢ ¢¥²¨Î¨´Ê Γtot

γ ·¥¢¨-
§¨¨ ¶·µÍ¥¤Ê·Ò µ¶·¥¤¥²¥´¨Ö ¶ · ³¥É·µ¢, ¢Ìµ¤ÖÐ¨Ì ¢ Ëµ·³Ê²Ê ¤²Ö ¶²µÉ´µ¸É¨
Ê·µ¢´¥° (54), ¶µ ¸· ¢´¥´¨Õ ¸ ¨¸¶µ²Ó§µ¢ ´´µ° ¢ [65],   ¨³¥´´µ µÉ¤¥²Ó´µ£µ
µ¶¨¸ ´¨Ö ¶²µÉ´µ¸É¨ Î¥É´ÒÌ ¨ ´¥Î¥É´ÒÌ Ê·µ¢´¥°. �·¥µ¡² ¤ ´¨¥ Ê·µ¢´¥° µÉ-
·¨Í É¥²Ó´µ° Î¥É´µ¸É¨ ¢ ¸¶¥±É·¥ ¢µ§¡Ê¦¤¥´¨Ö 57Fe ´¥¸²ÊÎ °´µ: ¸µ£² ¸´µ µ¡µ-
²µÎ¥Î´µ° ¸Ì¥³¥ Ê·µ¢´¥° ´ ¨³¥´ÓÏ Ö Ô´¥·£¨Ö ¢µ§¡Ê¦¤¥´¨Ö ¤²Ö Ê·µ¢´Ö ¸ ¶µ²µ-
¦¨É¥²Ó´µ° Î¥É´µ¸ÉÓÕ µÉ¢¥Î ¥É ¶¥·¥Ìµ¤Ê ´¥Î¥É´µ£µ ´¥°É·µ´  1p3/2 → 1g9/2
¨ · ¢´  5, 6 ŒÔ‚ (¸ ÊÎ¥Éµ³ ¸¶ ·¨¢ ´¨Ö ¢ ´¥°É·µ´´µ° ¶µ¤¸¨¸É¥³¥ Å ¶·¨-
³¥·´µ ´  1 ŒÔ‚ ³¥´ÓÏ¥). �µ¸±µ²Ó±Ê ¢¸²¥¤¸É¢¨¥ § ±µ´  ¸µÌ· ´¥´¨Ö Ô´¥·£¨¨
¤²Ö ¸µ¸ÉµÖ´¨° ¸ Ô´¥·£¨e° ¢µ§¡Ê¦¤¥´¨Ö ¶µ·Ö¤±  Bn ¢µ§³µ¦e´ ®§ ¡·µ¸¯ Éµ²Ó±µ
µ¤´µ° Î ¸É¨ÍÒ ´  Ê·µ¢¥´Ó ¶µ²µ¦¨É¥²Ó´µ° Î¥É´µ¸É¨, ¶·¥¤¸É ¢²Ö¥É¸Ö · §Ê³´Ò³
¨¸¶µ²Ó§µ¢ ÉÓ ¸²¥¤ÊÕÐÊÕ ¶ · ³¥É·¨§ Í¨Õ ¤²Ö ¶²µÉ´µ¸É¨ s-Ê·µ¢´¥°:

ρ0(U) ∼ (2j + 1)(asU2)−1 exp(2
√
asU), (67)

£¤¥ 2j + 1 = 10 Å ±· É´µ¸ÉÓ ¢Ò·µ¦¤¥´¨Ö Ê·µ¢´Ö 1g9/2, U = Ex − ∆s Å
Ô´¥·£¨Ö, ¨¤ÊÐ Ö ´  ´ £·¥¢ Î¥É´µ£µ µ¸Éµ¢  (Ö¤·  56Fe), ∆s Å Ô´¥·£¨Ö ¶¥-
·¥Ìµ¤  1p3/2 → 1g9/2, as Å ¶ · ³¥É· ¶²µÉ´µ¸É¨ Ê·µ¢´¥° ¤²Ö Ö¤·  56Fe.
‚µ ¨§¡¥¦ ´¨¥ ´¥ÉµÎ´µ¸É¥°, ¸¢Ö§ ´´ÒÌ ¸ µ¶¨¸ ´¨¥³ Ô´¥·£¨° µ¤´µÎ ¸É¨Î´ÒÌ
Ê·µ¢´¥° ¢ · ³± Ì ¨¸¶µ²Ó§µ¢ ´´µ° ¢¥·¸¨¨ µ¡µ²µÎ¥Î´µ° ³µ¤¥²¨, ¶ · ³¥É· ∆s
· ¸¸³ É·¨¢ ²¸Ö ± ± ¸¢µ¡µ¤´Ò°, §´ Î¥´¨¥ ±µÉµ·µ£µ ´ Ìµ¤¨²µ¸Ó ¨§ Ê¸²µ¢¨Ö · -
¢¥´¸É¢  · ¸Î¥É´µ£µ µÉ´µÏ¥´¨Ö ¶²µÉ´µ¸É¥° s- ¨ p-Ê·µ¢´¥° ¢¥²¨Î¨´¥ dp/ds.
„²Ö µ¶¨¸ ´¨Ö ¶²µÉ´µ¸É¨ ¶µ¸²¥¤´¨Ì ¨¸¶µ²Ó§µ¢ ² ¸Ó µ¡ÒÎ´ Ö ¶ · ³¥É·¨§ Í¨Ö
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(54), µ¤´ ±µ ¶ · ³¥É·Ò µ¶·¥¤¥²Ö²¨¸Ó c ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶²µÉ´µ¸É¨ p-Ê·µ¢´¥°
¶·¨ Ô´¥·£¨¨ ¸¢Ö§¨ (  ´¥ s-Ê·µ¢´¥°, ± ± ¢ · ¡µÉ¥ [65]). ‚ ·¥§Ê²ÓÉ É¥ ¶µ-
²ÊÎ¥´Ò ¸²¥¤ÊÕÐ¨¥ §´ Î¥´¨Ö ¶ · ³¥É·µ¢, ¢Ìµ¤ÖÐ¨Ì ¢ Ëµ·³Ê²Ò ¤²Ö ¶²µÉ-
´µ¸É¨ Ê·µ¢´¥°: ap = 6, 93 ŒÔ‚−1, ∆p = 0, 01 ŒÔ‚; as = 6, 24 ŒÔ‚−1,
∆s = 2, 9 ŒÔ‚. bÒ²¨ ¶µ²ÊÎ¥´Ò ¸²¥¤ÊÕÐ¨¥ §´ Î¥´¨Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¢±² -
¤µ¢: Γstat

γ (l = 0) = 450 ³Ô‚ ¨ Γstat
γ (l = 1) = 220 ³Ô‚.

�¡· É¨³¸Ö É¥¶¥·Ó ± µ¶¨¸ ´¨Õ ¨´É¥´¸¨¢´µ¸É¥° · ¤¨ Í¨µ´´ÒÌ c− s-¶¥·¥-
Ìµ¤µ¢. 
¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¢¥²¨Î¨´ KE1 (¦¨·´ Ö ²¨´¨Ö) ¨ KM1 (Éµ´±¨¥
¸¶²µÏ´ Ö ¨ ¶Ê´±É¨·´ Ö ²¨´¨¨, µÉ¢¥Î ÕÐ¨¥, ¸µµÉ¢¥É¸É¢¥´´µ, ´ ¡µ· ³ I ¨ II
¸¶¨´-¸¶¨´µ¢ÒÌ ±µ´¸É ´É) ¢ Ö¤· Ì 106Pd, 114Cd, 116In ¶·¨¢¥¤¥´Ò ´  ·¨¸. 1,aÄ
¢ ¢³¥¸É¥ ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¨§ · ¡µÉ [3Ä5].
‡ ³¥É¨³, ÎÉµ ¨§-§  ¶µÎÉ¨ ¨§µ¢¥±Éµ·´µ£µ Ì · ±É¥·  ¢´¥Ï´¥£µ ¶µ²Ö VM1(x)
·¥§Ê²ÓÉ É · ¸Î¥É  M1-¸¨²µ¢ÒÌ ËÊ´±Í¨° ³µ¦¥É ¸ÊÐ¥¸É¢¥´´µ § ¢¨¸¥ÉÓ ²¨ÏÓ
µÉ ¢Ò¡µ·  ¶ · ³¥É·  g′. ‚¸²¥¤¸É¢¨¥ ÔÉµ£µ,   É ±¦¥ ¸² ¡µ° ±µ²²¥±É¨¢¨§ Í¨¨
M1 ƒ
, · ¸Î¥É´Ò¥ M1-¸¨²µ¢Ò¥ ËÊ´±Í¨¨ ¸² ¡µ § ¢¨¸ÖÉ µÉ ¨¸¶µ²Ó§µ¢ ´´µ£µ ¢
¢ÒÎ¨¸²¥´¨ÖÌ ´ ¡µ·  ¸¶¨´-¸¶¨´µ¢ÒÌ ±µ´¸É ´É.

„²Ö Ö¤¥· 57Fe ¨ 144Nd ³µ¦´µ ¶·µ¢¥¸É¨ ¸· ¢´¥´¨¥ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
¤ ´´Ò³¨ [2] §´ Î¥´¨° ¨´É¥´¸¨¢´µ¸É¨ KE1 ¶·¨ µ¤´µ³ §´ Î¥´¨¨ ω: KE1 =
= 1, 65 ·10−8 ŒÔ‚−3 ¨ Kexp

E1 = (1, 45±0, 07) ·10−8 ŒÔ‚−3 (¤²Ö ω = 7, 6 ŒÔ‚
¢ 57Fe); KE1 = 1, 8 · 10−8 ŒÔ‚−3 ¨ Kexp

E1 = (4, 0 ± 1, 0) · 10−8 ŒÔ‚−3 (¤²Ö
ω = 5, 5 ŒÔ‚ ¢ 144Nd).


¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ¨´É¥´¸¨¢´µ¸É¥° KE1 ¢ Ö¤·¥ 54Cd ¨ KE1 + KM1 ¢
Ö¤· Ì 137Ba ¨ 139Ba ¶·¨¢¥¤¥´Ò, ¸µµÉ¢¥É¸É¢¥´´µ, ´  ·¨¸. 2 ¨ 3 ¢³¥¸É¥ ¸ Ô±¸¶¥-
·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨, ¢§ÖÉÒ³¨ ¨§ · ¡µÉ [6] ¨ [9]. �µ¸±µ²Ó±Ê Ê± § ´´Ò¥
Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ µÌ¢ ÉÒ¢ ÕÉ Ï¨·µ±¨° ¨´É¥·¢ ² ω, ¢ ±µÉµ·Ò° ¶µ-
¶ ¤ ÕÉ Ô´¥·£¨¨ ± ± c−c′- É ± ¨ c−s-¶¥·¥Ìµ¤µ¢, Éµ · ¸Î¥É´Ò¥ ±·¨¢Ò¥ ¸µ¸ÉµÖÉ
¨§ ¤¢ÊÌ Î ¸É¥°, ¶·¨Î¥³ ¤²Ö Î ¸É¨, µÉ¢¥Î ÕÐ¥° ¡µ²ÓÏ¨³ ω, ¢ÒÎ¨¸²¥´¨Ö ¶·µ-
¢µ¤¨²¨¸Ó ± ± ¤²Ö Ìµ²µ¤´µ£µ Ö¤· ,   ¤²Ö ³¥´ÓÏ¨Ì ω Å ± ± ¤²Ö ´ £·¥Éµ£µ.
Š¢ §¨±² ¸¸¨Î¥¸±¨¥ µÍ¥´±¨ ¶µ± §Ò¢ ÕÉ, ÎÉµ ¢ ¶·µ³¥¦ÊÉµÎ´µ³ ¨´É¥·¢ ²¥ · §-
·ÊÏ ¥É¸Ö ¸¶ ·¨¢ ´¨¥, ¶µÔÉµ³Ê ¤²Ö · ¸Î¥É  ¢¥²¨Î¨´ K(ω) ¢ ÔÉµ³ ¨´É¥·¢ ²¥
É·¥¡Ê¥É¸Ö ¤ ²Ó´¥°Ï Ö ³µ¤¨Ë¨± Í¨Ö ¶µ²Ê³¨±·µ¸±µ¶¨Î¥¸±µ£µ ¶µ¤Ìµ¤  ¸ Í¥²ÓÕ
ÊÎ¥É  ¸¶ ·¨¢ ´¨Ö ´Ê±²µ´µ¢ ¢ ´ £·¥Éµ³ Ö¤·¥.


¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¨´É¥´¸¨¢´µ¸É¥° KE1 ¨ KM1 ¤²Ö c − c′-¶¥·¥Ìµ¤µ¢ ¢
Ö¤·¥ 144Nd ¶·¨¢¥¤¥´Ò ´  ·¨¸. 4 ¢³¥¸É¥ ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ Ô±¸¶¥·¨³¥´É ²Ó-
´Ò³¨ ¤ ´´Ò³¨ [7]. 
 ¸Î¥É´µ¥ µÉ´µÏ¥´¨¥ KM1/KE1 � 0, 2 (¸³. ·¨¸. 4) µ± § -
²µ¸Ó § ³¥É´µ ³¥´ÓÏ¥ ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ §´ Î¥´¨Ö � 1, 0,
¨§¢²¥Î¥´´µ£µ ¨§  ´ ²¨§  ¸¥Î¥´¨Ö ·¥ ±Í¨¨ 143Nd(nγα) [7, 8]. ‚µ§³µ¦´µ, ÎÉµ
¤²Ö µ¡ÑÖ¸´¥´¨Ö ÔÉµ£µ · ¸Ìµ¦¤¥´¨Ö ´¥µ¡Ìµ¤¨³µ ¢±²ÕÎ¨ÉÓ ¢ · ¸¸³µÉ·¥´¨¥ µ¤-
´µÎ ¸É¨Î´Ò¥ M1-¶¥·¥Ìµ¤Ò ¡¥§ ¨§³¥´¥´¨Ö ¸¶¨´  ¨ Î¥É´µ¸É¨ (®¤¨ £µ´ ²Ó´Ò¥¯
¶¥·¥Ìµ¤Ò ¢ ´ £·¥ÉÒÌ Ö¤· Ì), ÎÉµ ¶µ±  ´¥ ·¥ ²¨§µ¢ ´µ. ‘ÊÐ¥¸É¢ÊÕÐ¨¥ Ë¥´µ-
³¥´µ²µ£¨Î¥¸±¨¥ µÍ¥´±¨ ÔÉµ£µ ¢±² ¤  [66] ¶µ§¢µ²ÖÕÉ ´ ¤¥ÖÉÓ¸Ö ´  Ê¸¶¥Ï´ÊÕ
±µ²¨Î¥¸É¢¥´´ÊÕ ¨´É¥·¶·¥É Í¨Õ KM1 ¤²Ö ³ ²ÒÌ Ô´¥·£¨° ¶¥·¥Ìµ¤ .
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¨¸. 1. 
¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¨´É¥´¸¨¢´µ¸É¥° KE1(ω) (¦¨·´ Ö ¸¶²µÏ´ Ö ²¨´¨Ö) ¨
KM1(ω) (Éµ´±¨¥ ¸¶²µÏ´ Ö ¨ ¶Ê´±É¨·´ Ö ²¨´¨¨, µÉ¢¥Î ÕÐ¨¥, ¸µµÉ¢¥É¸É¢¥´´µ, ´ -
¡µ· ³ I ¨ II ¸¶¨´-¸¶¨´µ¢ÒÌ ±µ´¸É ´É) ¤²Ö ±µ³¶ Ê´¤-Ö¤¥·: a) 106Pd, ¡) 114Cd, ¢) 116In

‚ É ¡². 2 ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ¢¥²¨Î¨´ Mw, ¢Ò¶µ²´¥´´ÒÌ, ¸µ-
£² ¸´µ (57), ¢ ¸· ¢´¥´¨¨ ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨.
�·¨¢¥¤¥´Ò É ±¦¥ §´ Î¥´¨Ö ®¸² ¡ÒÌ¯ ¸¨²µ¢ÒÌ ËÊ´±Í¨° snw ¨ spw ¤²Ö, ¸µµÉ¢¥É-
¸É¢¥´´µ, ´¥°É·µ´´µ° ¨ ¶·µÉµ´´µ° ¶µ¤¸¨¸É¥³, · ¸¸Î¨É ´´Ò¥ ¸µ£² ¸´µ (3.3) ¸
¨¸¶µ²Ó§µ¢ ´¨¥³ ξn = ξp = 1.
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¨¸. 2. 
¥§Ê²ÓÉ ÉÒ · ¸Î¥É  KE1(ω) ¤²Ö ±µ³¶ Ê´¤-Ö¤·  54Cr


¨¸. 3. 
¥§Ê²ÓÉ ÉÒ · ¸Î¥É  KE1(ω)+KM1(ω) (¶Ê´±É¨·´ Ö ²¨´¨Ö) ¤²Ö ±µ³¶ Ê´¤-Ö¤¥·:
a) 137‚ , ¡) 139‚ 

�·¨ ¸· ¢´¥´¨¨ · ¸Î¥É´ÒÌ ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¢¥²¨Î¨´ Mw ¸²¥¤Ê¥É
¨³¥ÉÓ ¢ ¢¨¤Ê ¸²¥¤ÊÕÐ¥¥: 1) ¢¥²¨Î¨´Ò ¸¨²µ¢ÒÌ ±µ´¸É ´É χn,p Ê¸É ´µ¢²¥´Ò
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¨¸. 4. 
¥§Ê²ÓÉ ÉÒ · ¸Î¥É  KE1(ω) ¨ KM1(ω) ¤²Ö ±µ³¶ Ê´¤-Ö¤·  144Nd

´¥¤µ¸É ÉµÎ´µ ´ ¤¥¦´µ; 2) ¢Ò¡µ· ¢¥²¨Î¨´Ò α ¶µ Ô±¸¶¥·¨³¥´É ²Ó´µ° Ï¨·¨´¥
(Γtot
γ ) § ¢¨¸¨É (¢ ¶·¥¤¥² Ì Ë ±Éµ·  1,5) ± ± µÉ ¢Ò¡µ·  ¶ · ³¥É·µ¢ ¢ Ëµ·³Ê²¥

¤²Ö ¶²µÉ´µ¸É¨ Ê·µ¢´¥° ±µ³¶ Ê´¤-Ö¤·  [65] , É ± ¨ µÉ ¢µ§³µ¦´µ° ´¥µ¶·¥¤¥²¥´-
´µ¸É¨ ¢ · ¸Î¥É¥ µÉ´µ¸¨É¥²Ó´µ£µ ¢±² ¤  M1-¶¥·¥Ìµ¤µ¢ ¢ · ¸Î¥É´ÊÕ Ï¨·¨´Ê
Γtot
γ ; 3) Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¤²Ö ·Ö¤  Ö¤¥· µÉ´µ¸ÖÉ¸Ö ± ®¨´¤¨¢¨¤Ê-

 ²Ó´Ò³¯ ³ É·¨Î´Ò³ Ô²¥³¥´É ³. ‘ ÊÎ¥Éµ³ ÔÉ¨Ì § ³¥Î ´¨° ¸µ£² ¸¨¥ · ¸Î¥É-
´ÒÌ ¢¥²¨Î¨´ Mw ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¸²¥¤Ê¥É
¶·¨§´ ÉÓ Ê¤µ¢²¥É¢µ·¨É¥²Ó´Ò³.

‚ÒÎ¨¸²¥´¨Ö q2w ¸µ£² ¸´µ (59) ¶µ± § ²¨, ÎÉµ ÔÉ  ¢¥²¨Î¨´  ¶· ±É¨Î¥¸±¨
´¥ § ¢¨¸¨É (¸ ÉµÎ´µ¸ÉÓÕ ¶µ·Ö¤±  20%) µÉ w ¨ ³ ¸¸µ¢µ£µ Î¨¸²  A, ´µ § -
³¥É´µ § ¢¨¸¨É µÉ ¢Ò¡µ·  Ëµ·³Ë ±Éµ·  fw(r). „²Ö ¸²ÊÎ Ö ¶µ¢¥·Ì´µ¸É´µ£µ
É¨¶  ¶µ£²µÐ¥´¨Ö (fw(r) = 4adf(r,R, a0)/dr) ¢ ·¥§Ê²ÓÉ É¥ ¡Ò²µ ¶µ²ÊÎ¥´µ
§´ Î¥´¨¥ q2w ≈ 0, 7. ‚ ¸²ÊÎ ¥ µ¡Ñ¥³´µ£µ É¨¶  ¶µ£²µÐ¥´¨Ö ¢¥²¨Î¨´  q2w
µ± § ² ¸Ó ³¥´ÓÏ¥ ¶·¨³¥·´µ ¢ 3, 0 · § . �É  · §´¨Í  µ¡ÑÖ¸´Ö¥É¸Ö É¥³, ÎÉµ
µ¤´µ¶µ²Õ¸´µ¥ ¶·¨¡²¨¦¥´¨¥ ¤²Ö µ¤´µÎ ¸É¨Î´µ° ËÊ´±Í¨¨ ƒ·¨´ ,   É ±¦¥ ¨
¤²Ö ³ É·¨ÍÒ ¶µÉ¥´Í¨ ²Ó´µ£µ · ¸¸¥Ö´¨Ö, ¸¶· ¢¥¤²¨¢µ, ±µ£¤  · ¸¸³ É·¨¢ ¥³µ¥
Ö¤·µ ´ Ìµ¤¨É¸Ö ¢¡²¨§¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ·¥§µ´ ´¸  Ëµ·³Ò, µ¤´ ±µ ´¨ µ¤´µ
Ö¤·µ ´¥ ³µ¦¥É µ¤´µ¢·¥³¥´´µ ¶·¨´ ¤²¥¦ ÉÓ ± µ¡² ¸É¨ s1/2- ¨ p1/2-·¥§µ´ ´¸µ¢
Ëµ·³Ò. ‘²¥¤µ¢ É¥²Ó´µ, µ¤´µÎ ¸É¨Î´Ò° ³ É·¨Î´Ò° Ô²¥³¥´É ¢ ¶·¥¤¸É ¢²¥´¨¨
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q2w = (M2
w)sp/(Γ↑0

s1/2
)sp(Γ↑0

p1/2
)sp ´¥ Ö¢²Ö¥É¸Ö ¸É·µ£µ µ¶·¥¤¥²¥´´µ° ¢¥²¨Î¨´µ°

¨ ´¥ ¨³¥¥É ¸³Ò¸²  ¨¸¶µ²Ó§µ¢ ÉÓ ¥£µ ¢ ¸²ÊÎ ¥, ±µ£¤  ¨§ÊÎ ÕÉ¸Ö ´¨§±µÔ´¥·£¥-
É¨Î¥¸±¨¥ ¶¥·¥Ìµ¤Ò. ’¥³ ´¥ ³¥´¥¥ µ´ ¨¸¶µ²Ó§Ê¥É¸Ö ¢ ¡µ²ÓÏ¨´¸É¢¥ ¶µ¶ÒÉµ±
µÍ¥´±¨ ¢¥²¨Î¨´Ò Mw [37Ä40, 20].

’ ¡²¨Í  2. ‚ÒÎ¨¸²¥´´Ò¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ Mw ¢ ¸· ¢´¥´¨¨ ¸ ¸µµÉ¢¥É¸É¢ÊÕ-
Ð¨³¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ §´ Î¥´¨Ö³¨ Mexp

w , ¢§ÖÉÒ³¨ ¨§ · ¡µÉ [10, 11, 13Ä15].
�·¨¢¥¤¥´Ò §´ Î¥´¨Ö ®¸² ¡ÒÌ¯ ¸¨²µ¢ÒÌ ËÊ´±Í¨° sn

w ¨ sp
w (¤²Ö ´¥°É·µ´´µ° ¨

¶·µÉµ´´µ° ¶µ¤¸¨¸É¥³ ¸µµÉ¢¥É¸É¢¥´´µ),   É ±¦¥ µÉ´µ¸¨É¥²Ó´Ò° ¢±² ¤ ¢ ²¥´É´µ£µ
³¥Ì ´¨§³  r = (Mw)val/Mw

Kµ³¶ Ê´¤- ds, sn
w, sp

w, M
(I)
w , M

(II)
w , Mexp

w , ‘¸Ò²- r,
Ö¤·µ Ô‚ ´Ô‚ ´Ô‚ ³Ô‚ ³Ô‚ ³Ô‚ ±a 10−3

57Fe 1, 7 · 104 31 14 54 92 46+15
−12 [13] 19

82Br 94 17 43 6, 7 7, 8 3, 0 ± 0, 5 [13]
2, 6 ± 0, 1 [13]

108Ag 16 25 6, 8 1, 2 2, 3 1, 19+0,49
−0,31 [15] 1, 0

110Ag 14 31 8, 4 1, 2 2, 5 0, 76+0,54
−0,26 [15] 0, 9

112Cd 20 18 4, 3 1, 1 2, 2 1, 6+0,8
−0,5 [13] 1, 6

2, 6 ± 0, 4 [13]
114Cd 21 33 8, 0 1, 5 3, 1 2, 0+1,6

−0,9 [14] 0, 7
0, 4 ± 0, 1 [13]

0, 84 ± 0, 23 [13]
116In 9 15 3, 0 0, 6 1, 4 0, 59+0,25

−0,15 [14] 0, 8
118Sn 48 10 2, 2 1, 2 2, 5 0, 7 ± 0, 1 [13]

3, 7 [13]
134Cs 20 7, 9 12 1, 6 2, 1 0, 06+0,25

−0,02 [16]
140La 208 5, 5 11 5, 0 6, 1 1, 7 ± 0, 1 [13] 2, 3

1, 3 ± 0, 1 [13]
4, 0 [67]

233Th 17 18 9, 0 1, 4 2, 2 1, 39+0,55
−0,38 [11] 1, 1

239U 21 19 8, 0 1, 5 2, 5 0, 56+0,41
−0,20 [10] 1, 6

„²Ö µÍ¥´±¨ ¢¥·Ì´¥£µ ¶·¥¤¥²  ¤²Ö ¢±² ¤  ¢ ²¥´É´µ£µ ³¥Ì ´¨§³  ¢ ¢¥²¨-
Î¨´ÊMw ¸µ£² ¸´µ (59) ³Ò ¨¸¶µ²Ó§µ¢ ²¨: (i) ¶µ¢¥·Ì´µ¸É´Ò° É¨¶ Ëµ·³Ë ±Éµ· 
³´¨³µ° Î ¸É¨ µ¶É¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ² ; (ii) ¢¥²¨Î¨´Ê ´¥°É·µ´-Ö¤¥·´µ£µ ¸² -
¡µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ξn = 3, 3; (iii) Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö ´¥°É·µ´´ÒÌ
Ï¨·¨´ Γ0

s1/2,p1/2
= S0

s1/2,p1/2
ds,p. ‚ÒÎ¨¸²¥´´Ò¥ µÉ´µÏ¥´¨Ö r = (Mw)val/Mw

¶·¨¢¥¤¥´Ò ¢ ¶µ¸²¥¤´¥° ±µ²µ´±¥ É ¡². 2. Š ± ¶· ¢¨²µ, ÔÉ¨ µÉ´µÏ¥´¨Ö ¶µ·Ö¤± 
10−3, ÎÉµ Ìµ·µÏµ ¸µ£² ¸Ê¥É¸Ö ¸ ± Î¥¸É¢¥´´Ò³¨ µÍ¥´± ³¨ (¸³. ¢¢¥¤¥´¨¥).
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5. ‡�Š‹=—…�ˆ…

‚ ¶·¥¤Ò¤ÊÐ¨Ì · §¤¥² Ì ¸Ëµ·³Ê²¨·µ¢ ´ ¨ ´  ¤µ¸É ÉµÎ´µ ¡µ²ÓÏµ³
Î¨¸²¥ ¶·¨³¥·µ¢ ·¥ ²¨§µ¢ ´ ¶µ²Ê³¨±·µ¸±µ¶¨Î¥¸±¨° ¶µ¤Ìµ¤, µ¸´µ¢ ´´Ò° ´ 
¨¸¶µ²Ó§µ¢ ´¨¨ ¶·¨¡²¨¦¥´¨Ö ¸²ÊÎ °´µ° Ë §Ò ¤²Ö µ¶¨¸ ´¨Ö Ëµ·³¨·ÊÕÐ¨Ì
ƒ
 ±µ´Ë¨£Ê· Í¨° É¨¶  Î ¸É¨Í  Ä ¤Ò·±  ¨ Ë¥´µ³¥´µ²µ£¨Î¥¸±µ³ ÊÎ¥É¥ ¸¢Ö§¨
Ê± § ´´ÒÌ ±µ´Ë¨£Ê· Í¨° ¸ ³´µ£µÎ ¸É¨Î´Ò³¨ ¢ É¥·³¨´ Ì ³´¨³µ° Î ¸É¨ µ¶É¨-
Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  ¤²Ö Î ¸É¨Í ¨ ¤Ò·µ±. ˆ§²µ¦¥´´µ¥ ¶µ§¢µ²Ö¥É £µ¢µ·¨ÉÓ µ
¶µ²Ê³¨±·µ¸±µ¶¨Î¥¸±µ³ ¶µ¤Ìµ¤¥ ± ± µ ±µ´¸É·Ê±É¨¢´µ³ ¨ ¤µ¸É ÉµÎ´µ ¶·µ¸Éµ³
¢ ·¥ ²¨§ Í¨¨ ³¥Éµ¤e É¥µ·¥É¨Î¥¸±µ£µ  ´ ²¨§  ¸¨²µ¢ÒÌ ËÊ´±Í¨° ±µ³¶ Ê´¤-
¸µ¸ÉµÖ´¨°. ‚ ± Î¥¸É¢¥ ¡²¨¦ °Ï¨Ì ¢µ§³µ¦´µ¸É¥° ¤²Ö ¤ ²Ó´¥°Ï¥£µ · §¢¨É¨Ö
¶µ¤Ìµ¤  ¸²¥¤Ê¥É Ê¶µ³Ö´ÊÉÓ:

1) µ¶¨¸ ´¨¥ E1 ®¶¨£³¨¯-·¥§µ´ ´¸  (µÉ¢¥Î ÕÐ¥£µ ®§ É· ¢µÎ´Ò³¯ 1− Î ¸-
É¨Î´µ-¤Ò·µÎ´Ò³ ±µ´Ë¨£Ê· Í¨Ö³) ³¥Éµ¤µ³, ¶·¨³¥´¥´´Ò³ ¢ ¤ ´´µ³ µ¡§µ·¥ ±
 ´ ²¨§Ê M1-¸¨²µ¢µ° ËÊ´±Í¨¨, ¨, ± ± ·¥§Ê²ÓÉ É, µ¶¨¸ ´¨¥ E1-· ¤¨ Í¨µ´´ÒÌ
¸¨²µ¢ÒÌ ËÊ´±Í¨° ¢ ¤µ¸É ÉµÎ´µ Ï¨·µ±µ³ Ô´¥·£¥É¨Î¥¸±µ³ ¨´É¥·¢ ²¥ Ô´¥·£¨°
γ-±¢ ´Éµ¢;

2) ¨¸¶µ²Ó§µ¢ ´¨¥ ¶µ¢¥·Ì´µ¸É´µ£µ Ëµ·³Ë ±Éµ·  µ¶É¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ² ,
¢³¥¸Éµ µ¡Ñ¥³´µ£µ, ± ± ¡µ²¥¥ ·¥ ²¨¸É¨Î¥¸±µ£µ ¶·¨ µ¶¨¸ ´¨¨ ´¨§±µÔ´¥·£¥É¨-
Î¥¸±µ£µ ´Ê±²µ´-Ö¤¥·´µ£µ · ¸¸¥Ö´¨Ö (¸³., ´ ¶·¨³¥·, [56]);

3) µ¡µ¡Ð¥´¨¥ ¶µ¤Ìµ¤  ´  ¸²ÊÎ ° É¥³¶¥· ÉÊ·´µ£µ ¸¶ ·¨¢ ´¨Ö, ÎÉµ ¶µ§¢µ-
²¨²µ ¡Ò ®¸Ï¨ÉÓ¯ ¸¨²µ¢Ò¥ ËÊ´±Í¨¨ c− c′- ¨ c− s-¶¥·¥Ìµ¤µ¢.

Š ± ¡Ò²µ µÉ³¥Î¥´µ ¢ ¶. 2.3, ¢ · ³± Ì ¶µ²Ê³¨±·µ¸±µ¶¨Î¥¸±µ£µ ¶µ¤Ìµ¤ 
¶·¥´¥¡·¥£ ¥É¸Ö ¢µ§³µ¦´Ò³ ÔËË¥±Éµ³ ¨´É¥·Ë¥·¥´Í¨¨ § ÉÊÌ ´¨Ö Î ¸É¨Í ¨ ¤Ò-
·µ± ¶·¨ µ¶¨¸ ´¨¨ ¸¨²µ¢ÒÌ ËÊ´±Í¨° ƒ
. �ÉµÉ ¢µ¶·µ¸ ¤ ¢´µ µ¡¸Ê¦¤ ¥É¸Ö ¢ ²¨-
É¥· ÉÊ·¥. �µ ´ Ï¥³Ê ³´¥´¨Õ, ¢µ§³µ¦´µ¸ÉÓ ¶·¥´¥¡·¥ÎÓ Ê± § ´´Ò³ ÔËË¥±Éµ³
³µ¦¥É ¡ÒÉÓ µ¡Ê¸²µ¢²¥´  Ì µÉ¨Î´µ¸ÉÓÕ Ë § ¶·µ¨§¢¥¤¥´¨° ³ É·¨Î´ÒÌ Ô²¥-
³¥´Éµ¢ ¸¢Ö§¨ Î ¸É¨Î´µ-¤Ò·µÎ´ÒÌ ¨ 2p − 2h-±µ´Ë¨£Ê· Í¨°, ¸Ê³³  ±µÉµ·ÒÌ
µ¶·¥¤¥²Ö¥É ¢¥²¨Î¨´Ê Ê± § ´´µ£µ ÔËË¥±É .

�É³¥É¨³ ¢ ÔÉµ° ¸¢Ö§¨, ÎÉµ, ¶µ³¨³µ ¸¨²µ¢ÒÌ ËÊ´±Í¨° Š‘, ¨³¥¥É¸Ö ¥Ð¥
µ¤¨´ ¶·¨³¥· ¶·¨²µ¦¥´¨Ö ¶µ²Ê³¨±·µ¸±µ¶¨Î¥¸±µ£µ ¶µ¤Ìµ¤ ,   ¨³¥´´µ µ¶¨¸ -
´¨¥ Ë· £³¥´É Í¨µ´´µ° Ï¨·¨´Ò ¨§µ¡ ·¨Î¥¸±¨Ì  ´ ²µ£µ¢ÒÌ ·¥§µ´ ´¸µ¢ Γ↓

IAR.
Š ± ¶µ± § ´µ ¢ [48], Ê± § ´´ Ö Ï¨·¨´  µ¶·¥¤¥²Ö¥É¸Ö ´¨§±µÔ´¥·£¥É¨Î¥¸±¨³
®Ì¢µ¸Éµ³¯ ¸¨²µ¢µ° ËÊ´±Í¨¨ § ·Ö¤µ¢µ-µ¡³¥´´µ£µ ³µ´µ¶µ²Ó´µ£µ ƒ
, µÉ¢¥Î -
ÕÐ¥° ¶¥·¥³¥´´µ° Î ¸É¨ ¸·¥¤´¥£µ ±Ê²µ´µ¢¸±µ£µ ¶µ²Ö Ö¤· . �·¥¤¢ ·¨É¥²Ó-
´Ò¥ ·¥§Ê²ÓÉ ÉÒ, ¶µ²ÊÎ¥´´Ò¥ ¢ [68], Ê± §Ò¢ ÕÉ ´  ¢µ§³µ¦´µ¸ÉÓ Ê¤µ¢²¥É¢µ·¨-
É¥²Ó´µ£µ µ¶¨¸ ´¨Ö ¡µ²ÓÏµ£µ µ¡Ñ¥³  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ Ï¨·¨´ ³
Γ↓
IAR ¢ · ³± Ì ¶µ²Ê³¨±·µ¸±µ¶¨Î¥¸±µ£µ ¶µ¤Ìµ¤ .
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