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‘¨²μ¢ Ö ËÊ´±Í¨Ö β-¶¥·¥Ìμ¤μ¢ Sβ(E) ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° · ¸¶·¥¤¥²¥´¨¥ ±¢ ¤· Éμ¢ ³μ¤Ê²¥°
³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ β-· ¸¶ ¤´μ£μ É¨¶  ¶μ Ô´¥·£¨Ö³ ¢μ§¡Ê¦¤¥´¨Ö Ö¤· . Sβ(E) μ¶·¥¤¥²Ö¥É Ì -
· ±É¥·¨¸É¨±¨ β-· ¸¶ ¤ , ¸¶¥±É·Ò ¸μ¶ÊÉ¸É¢ÊÕÐ¨Ì ¨§²ÊÎ¥´¨° ¨ ¢¥·μÖÉ´μ¸É¨ § ¶ §¤Ò¢ ÕÐ¨Ì ¶·μ-
Í¥¸¸μ¢, ¸μ¶·μ¢μ¦¤ ÕÐ¨Ì β-· ¸¶ ¤. „μ ´¥¤ ¢´¥£μ ¢·¥³¥´¨ ¤²Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨¸¸²¥¤μ¢ ´¨°
¸É·Ê±ÉÊ·Ò Sβ(E) Ï¨·μ±μ ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¸¶¥±É·μ³¥É·Ò ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö £ ³³ -¨§²ÊÎ¥´¨Ö
¨ ³¥Éμ¤Ò ¸¶¥±É·μ¸±μ¶¨¨ ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö γ-²ÊÎ¥° (TAGS), ´¥ μ¡² ¤ ÕÐ¨¥ ¢Ò¸μ±¨³ Ô´¥·£¥-
É¨Î¥¸±¨³ · §·¥Ï¥´¨¥³.

� §¢¨É¨¥ Ô±¸¶¥·¨³¥´É ²Ó´μ° É¥Ì´¨±¨ ¶μ§¢μ²Ö¥É ¶·¨³¥´ÖÉÓ ³¥Éμ¤Ò Ö¤¥·´μ° ¸¶¥±É·μ¸±μ¶¨¨
¸ ¢Ò¸μ±¨³ Ô´¥·£¥É¨Î¥¸±¨³ · §·¥Ï¥´¨¥³ ¤²Ö ¨§ÊÎ¥´¨Ö Éμ´±μ° ¸É·Ê±ÉÊ·Ò Sβ(E). � ¨¡μ²¥¥ ¶μ²´μ
É ±¨¥ ¨¸¸²¥¤μ¢ ´¨Ö ¶·μ¢¥¤¥´Ò ¤²Ö ·Ö¤  Ö¤¥·, ¶μ²ÊÎ¥´´ÒÌ ´  ±μ³¶²¥±¸¥ Ÿ‘����-2 ¢ „Ê¡´¥.

‚ μ¡§μ·¥ ¶·μ ´ ²¨§¨·μ¢ ´Ò · ¡μÉÒ, ¶μ¸¢ÖÐ¥´´Ò¥ ¨§³¥·¥´¨Õ Éμ´±μ° ¸É·Ê±ÉÊ·Ò Sβ(E) ¢
¸Ë¥·¨Î¥¸±¨Ì ¨ ¤¥Ëμ·³¨·μ¢ ´´ÒÌ Ö¤· Ì. �·¨³¥´¥´¨¥ ¸μ¢·¥³¥´´ÒÌ ³¥Éμ¤μ¢ Ö¤¥·´μ° ¸¶¥±É·μ-
¸±μ¶¨¨ ¶μ§¢μ²¨²μ ¢ÒÖ¢¨ÉÓ ¸¢Ö§ ´´μ¥ ¸ ¤¥Ëμ·³ Í¨¥° Ö¤·  · ¸Ð¥¶²¥´¨¥ ¶¨±μ¢ ¢ Sβ(E) ¤²Ö ¶¥·¥-
Ìμ¤μ¢ É¨¶  ƒ ³μ¢ Ä’¥²²¥·  (GT). �±¸¶¥·¨³¥´É ²Ó´μ ¤μ± § ´ ·¥§μ´ ´¸´Ò° Ì · ±É¥· Sβ(E) ¤²Ö
¶¥·¥Ìμ¤μ¢ ¶¥·¢μ£μ ¶μ·Ö¤±  § ¶·¥É  (FF-¶¥·¥Ìμ¤μ¢) ± ± ¤²Ö ¸Ë¥·¨Î¥¸±¨Ì, É ± ¨ ¤²Ö ¤¥Ëμ·³¨·μ-
¢ ´´ÒÌ Ö¤¥·. �μ± § ´μ, ÎÉμ ¶·¨ ´¥±μÉμ·ÒÌ §´ Î¥´¨ÖÌ Ô´¥·£¨° ¢μ§¡Ê¦¤¥´¨Ö ¢ Ö¤· Ì FF-¶¥·¥Ìμ¤Ò
¶μ ¨´É¥´¸¨¢´μ¸É¨ ³μ£ÊÉ ¡ÒÉÓ ¸μ¨§³¥·¨³Ò ¸ GT-¶¥·¥Ìμ¤ ³¨. � ¸¸³μÉ·¥´Ò ±·¨É¥·¨¨ ¶·μ¢¥·±¨
¶μ²´μÉÒ ¸Ì¥³ · ¸¶ ¤   Éμ³´ÒÌ Ö¤¥·. �·μ¢¥¤¥´μ ¸· ¢´¥´¨¥ Sβ(E), ¶μ²ÊÎ¥´´ÒÌ ³¥Éμ¤μ³ TAGS
¨ ¸ ¶μ³μÐÓÕ ³¥Éμ¤μ¢ ¸¶¥±É·μ¸±μ¶¨¨ ¢Ò¸μ±μ£μ · §·¥Ï¥´¨Ö.

The β-decay strength function Sβ(E) is a distribution of the modules squared of the β-decay-
type matrix elements in nuclear excitation energies E. The Sβ(E) deˇnes the characteristics of
β decay, spectra of radiation accompanying the β decay, and probabilities of delayed processes
following the β decay. Until recently total absorption γ spectrometers and total absorption γ rays
spectroscopy (TAGS) having low energy resolution were used for experimental studies of the Sβ(E)
structure.

Development of experimental technique allows application of methods of nuclear spectroscopy
with high energy resolution for studying Sβ(E) ˇne structure. The most thorough study was per-
formed for a series of nuclei produced on a YASNAPP-2 complex in Dubna.

In this review the Sβ(E) ˇne structure research in spherical and deformed nuclei was analyzed.
The use of modern methods of nuclear spectroscopy allowed us to detect splitting of peaks in Sβ(E)
for the GamowÄTeller (GT) transitions in deformed nuclei. This splitting can be associated with
anisotropy of oscillation of the isovector nuclear density component. The resonance nature of Sβ(E)
for the ˇrst-forbidden β transitions (FF transitions) for both spherical and deformed nuclei was proved
experimentally. It was shown that at some values of excitation energy in nuclei the intensities of
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FF transitions can be comparable with those of GT transitions. Criteria for testing the completeness
nuclear decay schemes were considered. The Sβ(E) obtained by the TAGS method and those
obtained with the use of high-resolution spectroscopy were compared.

PACS: 23.40.-s; 29.30.kV

‚‚…„…�ˆ…

	¥É -· ¸¶ ¤  Éμ³´ÒÌ Ö¤¥· Ö¢²Ö¥É¸Ö § ·Ö¤μ¢μ-μ¡³¥´´Ò³ ¶·μÍ¥¸¸μ³, ¢ ±μ-
Éμ·μ³ ¸μ¸ÉμÖ´¨Ö Ö¤¥· ¸ ¡μ²ÓÏμ° ¤μ²¥° § ·Ö¤μ¢μ-μ¡³¥´´ÒÌ ±μ´Ë¨£Ê· Í¨°
§ ¸¥²ÖÕÉ¸Ö ´ ¨¡μ²¥¥ ¨´É¥´¸¨¢´μ.

‚¥·μÖÉ´μ¸ÉÓ β-¶¥·¥Ìμ¤  ¶·μ¶μ·Í¨μ´ ²Ó´  ¶·μ¨§¢¥¤¥´¨Õ ²¥¶Éμ´´μ° Î -
¸É¨, μ¶¨¸Ò¢ ¥³μ° ËÊ´±Í¨¥° ”¥·³¨ f(Qβ−E), ¨ ´Ê±²μ´´μ° Î ¸É¨, μ¶¨¸Ò¢ ¥-
³μ° c¨²μ¢μ° ËÊ´±Í¨¥° β-· ¸¶ ¤  Sβ(E). �μ¸±μ²Ó±Ê ËÊ´±Í¨Ö ”¥·³¨ ¡Ò¸É·μ
Ê¡Ò¢ ¥É ¸ ·μ¸Éμ³ E, ¨´É¥´¸¨¢´μ¸ÉÓ β-¶¥·¥Ìμ¤μ¢ ¶·¨ Ô´¥·£¨ÖÌ ¢μ§¡Ê¦¤¥´¨Ö
E, ¶·¥¢ÒÏ ÕÐ¨Ì 2Ä3 ŒÔ‚, ¢ ¸·¥¤´¨Ì ¨ ÉÖ¦¥²ÒÌ Ö¤· Ì, ± ± ¶· ¢¨²μ, ³ ² .
�¤´ ±μ ¸ ÉμÎ±¨ §·¥´¨Ö ¸É·Ê±ÉÊ·Ò Ö¤·  ¨ μ¶¨¸ ´¨Ö β-· ¸¶ ¤  ´ ¨¡μ²ÓÏ¨°
¨´É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É Ì · ±É¥· Sβ(E) ¶·¨ Ô´¥·£¨ÖÌ ¢μ§¡Ê¦¤¥´¨Ö, ¶·¥¢ÒÏ -
ÕÐ¨Ì 2Ä3 ŒÔ‚. ˆ³¥´´μ ´ Î¨´ Ö ¸ Ô´¥·£¨° ¢μ§¡Ê¦¤¥´¨Ö E > 2−3 ŒÔ‚ ¢
Sβ(E) ¶μÖ¢²ÖÕÉ¸Ö ·¥§μ´ ´¸Ò, μ¡Ê¸²μ¢²¥´´Ò¥ ¸É·Ê±ÉÊ·μ° Ö¤·  ¨ μ¸É ÉμÎ´Ò³
¸¶¨´-¨§μ¸¶¨´μ¢Ò³ ¢§ ¨³μ¤¥°¸É¢¨¥³.

Sβ(E) Ö¢²Ö¥É¸Ö μ¤´μ° ¨§ ¢ ¦´¥°Ï¨Ì Ì · ±É¥·¨¸É¨±  Éμ³´μ£μ Ö¤·  ¨
¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° · ¸¶·¥¤¥²¥´¨¥ ±¢ ¤· Éμ¢ ³μ¤Ê²¥° ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢
β-· ¸¶ ¤´μ£μ É¨¶  ¶μ Ô´¥·£¨Ö³ ¢μ§¡Ê¦¤¥´¨Ö Ö¤·  E. �·¨ Ô´¥·£¨ÖÌ ¢μ§¡Ê-
¦¤¥´¨Ö E ¤μ ¢¥²¨Î¨´Ò Qβ (¶μ²´μ° Ô´¥·£¨¨ β-· ¸¶ ¤ ) Sβ(E) μ¶·¥¤¥²Ö¥É
Ì · ±É¥· β-· ¸¶ ¤  ¨ ¶¥·¨μ¤Ò ¶μ²Ê· ¸¶ ¤  (T1/2) ³ É¥·¨´¸±¨Ì Ö¤¥· ¶μ ¢¥É±¥
β-· ¸¶ ¤ , ¸¶¥±É·Ò β-Î ¸É¨Í ¨ ´¥°É·¨´μ, ¨¸¶Ê¸± ¥³ÒÌ ¶·¨ β-· ¸¶ ¤¥ ÔÉ¨Ì
Ö¤¥·, ¸¶¥±É·Ò γ-²ÊÎ¥° ¨ Ô²¥±É·μ´μ¢ ¢´ÊÉ·¥´´¥° ±μ´¢¥·¸¨¨, ¢μ§´¨± ÕÐ¨Ì
¢ ·¥§Ê²ÓÉ É¥ · §·Ö¤±¨ ¢ ¤μÎ¥·´¨Ì Ö¤· Ì ¢μ§¡Ê¦¤¥´´ÒÌ ¶·¨ β-· ¸¶ ¤¥ ¸μ-
¸ÉμÖ´¨°,   É ±¦¥ ¸¶¥±É·Ò § ¶ §¤Ò¢ ÕÐ¨Ì Î ¸É¨Í, ¸μ¶·μ¢μ¦¤ ÕÐ¨Ì β-· ¸-
¶ ¤ [1Ä4]. �·¨ ¡μ²¥¥ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ ¢μ§¡Ê¦¤¥´¨Ö, ´¥ ¤μ¸É¨£ ¥³ÒÌ ¶·¨
β-· ¸¶ ¤¥, Sβ(E) μ¶·¥¤¥²Ö¥É ¸¥Î¥´¨Ö § ·Ö¤μ¢μ-μ¡³¥´´ÒÌ Ö¤¥·´ÒÌ ·¥ ±Í¨°,
§ ¢¨¸ÖÐ¨Ì μÉ Ö¤¥·´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ β-· ¸¶ ¤´μ£μ É¨¶ .

„μ ´¥¤ ¢´¥£μ ¢·¥³¥´¨ ¢ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨¸¸²¥¤μ¢ ´¨ÖÌ ¸É·Ê±ÉÊ·Ò
Sβ(E) ± ± ¢ �μ¸¸¨¨, É ± ¨ §  ·Ê¡¥¦μ³ ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¸¶¥±É·μ³¥É·Ò ¶μ²´μ£μ
¶μ£²μÐ¥´¨Ö ¨ ³¥Éμ¤Ò ¸¶¥±É·μ¸±μ¶¨¨ ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö £ ³³ -¨§²ÊÎ¥´¨Ö
(TAGS) [2, 5Ä10]. �·¨´Í¨¶ TAGS (Total Absorption Gamma Spectroscopy)
§ ±²ÕÎ ¥É¸Ö ¢ Éμ³, ÎÉμ ¸μ¶·μ¢μ¦¤ ÕÐ¥¥ β-· ¸¶ ¤ γ-¨§²ÊÎ¥´¨¥ ¸Ê³³¨·Ê¥É¸Ö
¶·¨ ·¥£¨¸É· Í¨¨ ¡μ²ÓÏ¨³¨ ±·¨¸É ²² ³¨ NaI ¢ 4π-£¥μ³¥É·¨¨. …¸²¨ ÔËË¥±É¨¢-
´μ¸ÉÓ ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö γ-±¢ ´Éμ¢ ¤μ¸É ÉμÎ´μ ¢¥²¨± , Éμ ¢ ¸¶¥±É· Ì Ê¤ -
¥É¸Ö ¨¤¥´É¨Ë¨Í¨·μ¢ ÉÓ ¶¨±¨ ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö, ¨´É¥´¸¨¢´μ¸ÉÓ ±μÉμ·ÒÌ
μ¶·¥¤¥²Ö¥É¸Ö ²¨ÏÓ ¢¥·μÖÉ´μ¸ÉÓÕ § ¸¥²¥´¨Ö Ê·μ¢´¥° ¶·¨ β-· ¸¶ ¤¥. „ ´´Ò³
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³¥Éμ¤μ³ Ê¤ ²μ¸Ó Ô±¸¶¥·¨³¥´É ²Ó´μ ¤μ± § ÉÓ ·¥§μ´ ´¸´ÊÕ ¸É·Ê±ÉÊ·Ê Sβ(E)
¤²Ö β-¶¥·¥Ìμ¤μ¢ ƒ ³μ¢ Ä’¥²²¥·  (GT) [2, 11Ä16]. 	Ò²μ Ê¸É ´μ¢²¥´μ, ÎÉμ ·¥-
§μ´ ´¸´ Ö ¸É·Ê±ÉÊ·  Sβ(E) Ö¢²Ö¥É¸Ö Ì · ±É¥·´μ° μ¸μ¡¥´´μ¸ÉÓÕ GT β-· ¸¶ ¤ 
Ö¤¥·, Ê¤ ²¥´´ÒÌ μÉ ¶μ²μ¸Ò β-¸É ¡¨²Ó´μ¸É¨ [2]. ƒμ¸¶μ¤¸É¢μ¢ ¢Ï Ö ¤μ ÔÉ¨Ì
¨¸¸²¥¤μ¢ ´¨° ¸É É¨¸É¨Î¥¸± Ö ³μ¤¥²Ó ¶·¥¤¶μ² £ ²  μÉ¸ÊÉ¸É¢¨¥ ·¥§μ´ ´¸μ¢ ¢
Sβ(E), ¨ ¸Î¨É ²μ¸Ó, ÎÉμ Ìμ·μÏ¨³ ¶·¨¡²¨¦¥´¨¥³ ¤²Ö ¸·¥¤´¨Ì ¨ ÉÖ¦¥²ÒÌ
Ö¤¥· ¶·¨ Ô´¥·£¨ÖÌ ¢μ§¡Ê¦¤¥´¨Ö E > 2−3 ŒÔ‚ Ö¢²Ö¥É¸Ö Sβ(E) = const ¨²¨
Sβ(E) ∼ ρ(E), £¤¥ ρ(E) Å ¶²μÉ´μ¸ÉÓ Ê·μ¢´¥° ¤μÎ¥·´¥£μ Ö¤·  [17]. ˆ¸-
¸²¥¤μ¢ ´¨Ö ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ TAGS μ¤´μ§´ Î´μ ¢ÒÖ¢¨²¨ ´¥¸É É¨¸É¨Î¥¸±¨°
Ì · ±É¥· Sβ(E) ¤²Ö β-· ¸¶ ¤  É¨¶  GT ¨ ¸É¨³Ê²¨·μ¢ ²¨ · §¢¨É¨¥ ³¨±·μ-
¸±μ¶¨Î¥¸±¨Ì ³μ¤¥²¥°, ÊÎ¨ÉÒ¢ ÕÐ¨Ì ¸É·Ê±ÉÊ·Ê  Éμ³´μ£μ Ö¤· , ¤²Ö · ¸Î¥É 
Sβ(E) [2].

�¤´ ±μ ³¥Éμ¤Ò TAGS ¨³¥ÕÉ ·Ö¤ ´¥¤μ¸É É±μ¢, ¸¢Ö§ ´´ÒÌ ¸ ´¨§±¨³ Ô´¥·-
£¥É¨Î¥¸±¨³ · §·¥Ï¥´¨¥³ ¸¶¥±É·μ³¥É·μ¢ ´  ¡ §¥ NaI. ‚ TAGS-¸¶¥±É· Ì Ê¤ -
¥É¸Ö μ¶·¥¤¥²¨ÉÓ μ¤¨´ ¨²¨ ¤¢  ¶¨±  ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö, Î ¸Éμ ¢μ§´¨± ÕÉ
´¥μ¶·¥¤¥²¥´´μ¸É¨, ¸¢Ö§ ´´Ò¥ ¸ ´ ²¨Î¨¥³ ¨§μ¡ ·´ÒÌ ¶·¨³¥¸¥° ¢  ´ ²¨§¨·Ê¥-
³μ³ ¨¸ÉμÎ´¨±¥, ´¥ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢μ§³μ¦´Ò³ · §¤¥²¨ÉÓ β-¶¥·¥Ìμ¤Ò ƒ ³μ¢ Ä
’¥²²¥·  ¨ ¶¥·¢μ£μ § ¶·¥É  ¨ ¨§³¥·¨ÉÓ Éμ´±ÊÕ ¸É·Ê±ÉÊ·Ê Sβ(E), Î ¸Éμ ¢μ§-
´¨± ÕÉ É·Ê¤´μ¸É¨ ¢ μ¡· ¡μÉ±¥ ¸¶¥±É·μ¢, ¢ Î ¸É´μ¸É¨ ¶·¨ ÊÎ¥É¥ ¢´ÊÉ·¥´´¥°
±μ´¢¥·¸¨¨ γ-¨§²ÊÎ¥´¨Ö ¨ ¨¤¥´É¨Ë¨± Í¨¨ ¶¨±μ¢ ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö.

�μÔÉμ³Ê ¶·¥¤¸É ¢²Ö¥É¸Ö ¢¥¸Ó³   ±ÉÊ ²Ó´Ò³ ¨§³¥·¨ÉÓ Sβ(E) ¸ ¶μ³μÐÓÕ
³¥Éμ¤μ¢ γ-¸¶¥±É·μ¸±μ¶¨¨ ¢Ò¸μ±μ£μ · §·¥Ï¥´¨Ö. „ ´´ Ö § ¤ Î  ¢¥¸Ó³  É·Ê-
¤μ¥³± , ¨ ¤μ ´¥¤ ¢´¥£μ ¢·¥³¥´¨ ¶μ¤μ¡´Ò¥ ¨§³¥·¥´¨Ö ´¥ ¶·μ¢μ¤¨²¨¸Ó. ‚ ¶μ-
¸²¥¤´¥¥ ¤¥¸ÖÉ¨²¥É¨¥, ¢ ¸¢Ö§¨ ¸ ¡μ²ÓÏ¨³ ¶·μ£·¥¸¸μ³ ¢ μ¡² ¸É¨ ¶μ²ÊÎ¥´¨Ö
³μ´μ¨§μÉμ¶´ÒÌ · ¤¨μ ±É¨¢´ÒÌ ¶·¥¶ · Éμ¢ ¨ ¶μÖ¢²¥´¨Ö ¶μ²Ê¶·μ¢μ¤´¨±μ¢ÒÌ
HPGe-¤¥É¥±Éμ·μ¢ γ-¨§²ÊÎ¥´¨Ö, ¸μÎ¥É ÕÐ¨Ì ¢ ¸¥¡¥ ¢Ò¸μ±μ¥ Ô´¥·£¥É¨Î¥¸±μ¥
· §·¥Ï¥´¨¥ ¸ ¶·¨¥³²¥³μ° ÔËË¥±É¨¢´μ¸ÉÓÕ, ¸É ²μ ¢μ§³μ¦´Ò³ ¶·μ¢μ¤¨ÉÓ ¨§-
³¥·¥´¨Ö Sβ(E) ¸ ¢Ò¸μ±μ° ¤μ¸Éμ¢¥·´μ¸ÉÓÕ ¨ ¢Ò¸μ±¨³ Ô´¥·£¥É¨Î¥¸±¨³ · §-
·¥Ï¥´¨¥³. �Éμ ¶μ§¢μ²Ö¥É ´  ± Î¥¸É¢¥´´μ ´μ¢μ³ Ê·μ¢´¥ ¤¥É ²Ó´μ ¨¸¸²¥¤μ-
¢ ÉÓ Sβ(E).

‚ �ˆŸˆ („Ê¡´ ) ¢¶¥·¢Ò¥ ¡Ò²  ·¥Ï¥´  § ¤ Î  ¤μ¸É ÉμÎ´μ ¶μ²´μ£μ μ¶·¥-
¤¥²¥´¨Ö Sβ(E) ¨ ¥¥ Éμ´±μ° ¸É·Ê±ÉÊ·Ò ¸ ¶μ³μÐÓÕ ³¥Éμ¤μ¢ Ö¤¥·´μ° ¸¶¥±É·μ-
¸±μ¶¨¨ ¢Ò¸μ±μ£μ · §·¥Ï¥´¨Ö. “± § ´´ Ö § ¤ Î  É·¥¡Ê¥É ¡μ²ÓÏ¨Ì É·Ê¤μ§ É· É
¨ ·¥Ï¥´  ²¨ÏÓ ¤²Ö β+/EC-· ¸¶ ¤  ¸Ë¥·¨Î¥¸±μ£μ Ö¤·  147gTb (T1/2 = 1,6 Î,
QEC = 4,6 ŒÔ‚), ¤¥Ëμ·³¨·μ¢ ´´μ£μ Ö¤·  160gHo (T1/2 = 25,6 ³¨´, QEC =
3,3 ŒÔ‚) ¨ ¨§μ³¥·  160mHo (T1/2 = 5,02 Î, QEC = 3346 ±Ô‚) [18Ä21].
“± § ´´Ò¥ Ö¤·  ¡Ò²¨ ¢Ò¡· ´Ò ¢ ± Î¥¸É¢¥ μ¡Ñ¥±Éμ¢ ¨¸¸²¥¤μ¢ ´¨Ö ¢¸²¥¤¸É¢¨¥
μÉ´μ¸¨É¥²Ó´μ ¡μ²ÓÏμ° ¢¥²¨Î¨´Ò QEC, ¶μ¤Ìμ¤ÖÐ¨Ì ¶¥·¨μ¤μ¢ ¶μ²Ê· ¸¶ ¤ 
T1/2 ¨ ¸ÊÐ¥¸É¢ÊÕÐ¥° ¢ �ˆŸˆ ¢μ§³μ¦´μ¸É¨ ÔËË¥±É¨¢´μ£μ ¶μ²ÊÎ¥´¨Ö ³μ´μ-
¨§μÉμ¶´ÒÌ · ¤¨μ ±É¨¢´ÒÌ ¨¸ÉμÎ´¨±μ¢ ¢Ò¸μ±μ° Î¨¸ÉμÉÒ ¤²Ö ¤ ´´ÒÌ Ö¤¥·.

‘ ¶μ³μÐÓÕ ³¥Éμ¤μ¢ Ö¤¥·´μ° ¸¶¥±É·μ¸±μ¶¨¨ ¢Ò¸μ±μ£μ · §·¥Ï¥´¨Ö ¡Ò²μ
μ¤´μ§´ Î´μ ¤μ± § ´μ ´ ²¨Î¨¥ ·¥§μ´ ´¸´μ° ¸É·Ê±ÉÊ·Ò Sβ(E) ´¥ Éμ²Ó±μ ¤²Ö
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¶¥·¥Ìμ¤μ¢ É¨¶  ƒ ³μ¢ Ä’¥²²¥·  (GT-¶¥·¥Ìμ¤μ¢), ´μ ¨ ¤²Ö β-¶¥·¥Ìμ¤μ¢ ¶¥·-
¢μ£μ ¶μ·Ö¤±  § ¶·¥É  (FF-¶¥·¥Ìμ¤μ¢) [21]. 	Ò²μ Ô±¸¶¥·¨³¥´É ²Ó´μ ¶μ± § ´μ,
ÎÉμ ¤²Ö ´¥±μÉμ·ÒÌ §´ Î¥´¨° Ô´¥·£¨¨ ¢μ§¡Ê¦¤¥´¨Ö ¤μÎ¥·´¨Ì Ö¤¥· ¢¥·μÖÉ´μ¸ÉÓ
β+/EC-¶¥·¥Ìμ¤μ¢ ¶¥·¢μ£μ ¶μ·Ö¤±  § ¶·¥É  ¸· ¢´¨³  ¸ ¢¥·μÖÉ´μ¸ÉÓÕ β+/EC-
¶¥·¥Ìμ¤μ¢ ƒ ³μ¢ Ä’¥²²¥· . „²Ö FF-¶¥·¥Ìμ¤μ¢ ·¥§μ´ ´¸´ Ö ¸É·Ê±ÉÊ·  Sβ(E)
¡Ò²  ¢ÒÖ¢²¥´  ¢¶¥·¢Ò¥ ¨³¥´´μ ¡² £μ¤ ·Ö ³¥Éμ¤ ³ ¸¶¥±É·μ¸±μ¶¨¨ ¢Ò¸μ±μ£μ
· §·¥Ï¥´¨Ö [20, 21].

ˆ¸¶μ²Ó§μ¢ ´¨¥ ³¥Éμ¤μ¢ Ö¤¥·´μ° ¸¶¥±É·μ¸±μ¶¨¨ ¢Ò¸μ±μ£μ · §·¥Ï¥´¨Ö ¶μ-
§¢μ²¨²μ μ¡´ ·Ê¦¨ÉÓ · ¸Ð¥¶²¥´¨¥ ·¥§μ´ ´¸  ¢ Sβ(E) ´  ¤¢  ±μ³¶μ´¥´É  ¤²Ö
β+/EC-· ¸¶ ¤  ¤¥Ëμ·³¨·μ¢ ´´μ£μ Ö¤·  160gHo. „ ´´μ¥ · ¸Ð¥¶²¥´¨¥ ¸¢Ö§Ò-
¢ ¥É¸Ö ¸  ´¨§μÉ·μ¶¨¥° ±μ²¥¡ ´¨° ¨§μ¢¥±Éμ·´μ° ¶²μÉ´μ¸É¨ ¢ ¤¥Ëμ·³¨·μ¢ ´-
´ÒÌ Ö¤· Ì [20].

‚ μ¡§μ·¥ · ¸¸³ É·¨¢ ÕÉ¸Ö ³¥Éμ¤Ò ¨¸¸²¥¤μ¢ ´¨Ö ¸É·Ê±ÉÊ·Ò ¸¨²μ¢ÒÌ ËÊ´±-
Í¨° β-· ¸¶ ¤  Ö¤¥·, ¶·¨¢μ¤ÖÉ¸Ö ¨ μ¡¸Ê¦¤ ÕÉ¸Ö ·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° Sβ(E)
¸ ¶μ³μÐÓÕ ³¥Éμ¤μ¢ TAGS ¨ ³¥Éμ¤μ¢ Ö¤¥·´μ° ¸¶¥±É·μ¸±μ¶¨¨ ¢Ò¸μ±μ£μ · §·¥-
Ï¥´¨Ö. �¸μ¡μ¥ ¢´¨³ ´¨¥ Ê¤¥²Ö¥É¸Ö ¨¸¸²¥¤μ¢ ´¨Ö³ Éμ´±μ° ¸É·Ê±ÉÊ·Ò Sβ(E).

1. ‘ˆ‹�‚�Ÿ ”“�Š–ˆŸ β-��‘��„� Sβ(E)

„²¨´Ò ¢μ²´ ²¥¶Éμ´μ¢, ¨¸¶Ê¸± ¥³ÒÌ ¶·¨ ¡¥É -· ¸¶ ¤¥  Éμ³´ÒÌ Ö¤¥·, μ¡ÒÎ-
´μ ¢¥²¨±¨ ¶μ ¸· ¢´¥´¨Õ ¸ · §³¥· ³¨ Ö¤· , ¶μÔÉμ³Ê ¢ ·Ö¤¥ ¸²ÊÎ ¥¢ ³μ¦´μ
¸Î¨É ÉÓ, ÎÉμ  ³¶²¨ÉÊ¤  ¡¥É -¶¥·¥Ìμ¤μ¢ ´¥ § ¢¨¸¨É μÉ ¶μ²μ¦¥´¨Ö ¨ ¸±μ·μ-
¸É¨ ´Ê±²μ´μ¢ [22, 23]. �¥·¥Ìμ¤Ò, ±μÉμ·Ò¥ ³μ¦´μ · ¸¸³ É·¨¢ ÉÓ ¢ É ±μ³
¶·¨¡²¨¦¥´¨¨, ´ §Ò¢ ÕÉ¸Ö · §·¥Ï¥´´Ò³¨. —¥É´μ¸ÉÓ Ö¤¥·´ÒÌ ¸μ¸ÉμÖ´¨° ¶·¨
· §·¥Ï¥´´ÒÌ ¶¥·¥Ìμ¤ Ì ´¥ ¨§³¥´Ö¥É¸Ö. � §·¥Ï¥´´Ò¥ ¡¥É -¶¥·¥Ìμ¤Ò ³μ¦´μ
· §¡¨ÉÓ ´  ¤¢  É¨¶  Å ¶¥·¥Ìμ¤Ò ”¥·³¨ (F) ¨ ¶¥·¥Ìμ¤Ò ƒ ³μ¢ Ä’¥²²¥·  (GT).
„²Ö ¶¥·¥Ìμ¤μ¢ ”¥·³¨ μ¶¥· Éμ· ¶¥·¥Ìμ¤  ´¥ § ¢¨¸¨É μÉ ¸¶¨´  ´Ê±²μ´ ,   ¤²Ö
¶¥·¥Ìμ¤μ¢ ƒ ³μ¢ Ä’¥²²¥·  Å ¶·μ¶μ·Í¨μ´ ²¥´ μ¶¥· Éμ·Ê ¸¶¨´  · ¸¶ ¤ ÕÐ¥-
£μ¸Ö ´Ê±²μ´ . �¶¥· Éμ· ¶¥·¥Ìμ¤  É¨¶  ”¥·³¨ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¸μ¸É ¢²Ö-
ÕÐÊÕ ¶μ²´μ£μ ¨§μ¸¶¨´ , ¨ ³ É·¨Î´Ò° Ô²¥³¥´É ¶¥·¥Ìμ¤  § ¢¨¸¨É Éμ²Ó±μ μÉ
¨§μ¸¶¨´μ¢ÒÌ ±¢ ´Éμ¢ÒÌ Î¨¸¥² ´ Î ²Ó´μ£μ ¨ ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨° Ö¤¥·. �·¨
¶¥·¥Ìμ¤ Ì ”¥·³¨ ´¥ ¶·μ¨¸Ìμ¤¨É μ¡³¥´  Ê£²μ¢Ò³¨ ³μ³¥´É ³¨ ³¥¦¤Ê ´Ê±²μ-
´ ³¨ ¨ ²¥¶Éμ´ ³¨,   ¶·¨ ¶¥·¥Ìμ¤ Ì ƒ ³μ¢ Ä’¥²²¥·  ¶¥·¥¤ ¥É¸Ö ¥¤¨´¨Î´Ò°
Ê£²μ¢μ° ³μ³¥´É. ’ ±¨³ μ¡· §μ³, ¶· ¢¨²  μÉ¡μ·  ¶μ ¸¶¨´Ê Ö¤·  ΔI = 0 ¤²Ö
F-¶¥·¥Ìμ¤μ¢ ¨ ΔI = 0,1 (0−0-¶¥·¥Ìμ¤Ò § ¶·¥Ð¥´Ò) ¤²Ö GT-¶¥·¥Ìμ¤μ¢.

„²Ö ¡¥É -· ¸¶ ¤  ¸ ¨§³¥´¥´¨¥³ Î¥É´μ¸É¨ Ö¤¥·´ÒÌ ¸μ¸ÉμÖ´¨° ¨²¨ ¸ ¨§-
³¥´¥´¨¥³ ¸¶¨´  Ö¤·  ¡μ²ÓÏ¥ Î¥³ ´  ¥¤¨´¨ÍÊ · §·¥Ï¥´´Ò¥ ³ É·¨Î´Ò¥ Ô²¥-
³¥´ÉÒ · ¢´Ò ´Ê²Õ, ¨ ¶μÔÉμ³Ê ´¥μ¡Ìμ¤¨³μ ÊÎ¨ÉÒ¢ ÉÓ § ¢¨¸¨³μ¸ÉÓ μ¶¥· Éμ·μ¢
¡¥É -¶¥·¥Ìμ¤μ¢ μÉ ¶·μ¸É· ´¸É¢¥´´ÒÌ ±μμ·¤¨´ É ¨ ¸±μ·μ¸É¥° ´Ê±²μ´μ¢. ’ ±¨¥
¡¥É -¶¥·¥Ìμ¤Ò ´ §Ò¢ ÕÉ¸Ö § ¶·¥Ð¥´´Ò³¨, ¨ ¨Ì ¶·¨´ÖÉμ ±² ¸¸¨Ë¨Í¨·μ¢ ÉÓ
¶μ ¶μ·Ö¤±Ê ¨Ì § ¶·¥Ð¥´´μ¸É¨ n, É. ¥. ¶μ ¸Ê³³¥ ¸É¥¶¥´¥° ±μμ·¤¨´ É ¨ ¸±μ-
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·μ¸É¥° ´Ê±²μ´μ¢, ±μÉμ·Ò¥ Ë¨£Ê·¨·ÊÕÉ ¢ μ¶¥· Éμ·¥ ¡¥É -¶¥·¥Ìμ¤ . �·¨ ÔÉμ³
¨§³¥´¥´¨¥ Î¥É´μ¸É¨ Ö¤¥·´ÒÌ ¸μ¸ÉμÖ´¨° π ¢¸¥£¤  · ¢´μ π = (−1)n. �¥·¥Ìμ¤Ò,
¤²Ö ±μÉμ·ÒÌ ³Ê²ÓÉ¨¶μ²Ó´μ¸ÉÓ ¶¥·¥Ìμ¤  λ = n + 1, ´ §Ò¢ ÕÉ¸Ö Ê´¨± ²Ó´Ò³¨
n-§ ¶·¥Ð¥´´Ò³¨ ¶¥·¥Ìμ¤ ³¨.

�·¨ ¡¥É -· ¸¶ ¤¥ Ö¤¥· Î ¸Éμ ±Ê²μ´μ¢¸± Ö Ô´¥·£¨Ö Ô²¥±É·μ´  ¢´ÊÉ·¨ Ö¤· 
¢¥²¨±  ¶μ ¸· ¢´¥´¨Õ ¸ Ô´¥·£¨¥° ¶¥·¥Ìμ¤  ΔE ¨ ³ ¸¸μ° ¶μ±μÖ Ô²¥±É·μ´ 
(ξ-¶·¨¡²¨¦¥´¨¥). ŠÊ²μ´μ¢¸±ÊÕ Ô´¥·£¨Õ ¶·¥¤¸É ¢²ÖÕÉ ¡¥§· §³¥·´Ò³ ¶ · ³¥-
É·μ³ ξ:

ξ =
Ze2

2Rmec2
≈ 1,2ZA−1/3, (1)

§ ¢¨¸ÖÐ¨³ μÉ · ¤¨Ê¸  Ö¤·  R, § ·Ö¤  Z, ¨ Ê¸²μ¢¨Ö ξ-¶·¨¡²¨¦¥´¨Ö (¨²¨ ±Ê-
²μ´μ¢¸±μ£μ ¶·¨¡²¨¦¥´¨Ö) § ¶¨¸Ò¢ ÕÉ¸Ö ¢ ¢¨¤¥

ξ � ΔE

mec2
, ξ � 1. (2)

‚¥·μÖÉ´μ¸ÉÓ ¡¥É -¶¥·¥Ìμ¤  ¶·¨ · ¸¶ ¤¥ Ö¤·  ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥
¶·μ¨§¢¥¤¥´¨Ö ²¥¶Éμ´´μ° Î ¸É¨, μ¶¨¸Ò¢ ¥³μ° ËÊ´±Í¨¥° ”¥·³¨, ¨ Ö¤¥·´μ°
Î ¸É¨, μ¶¨¸Ò¢ ¥³μ° ¸¨²μ¢μ° ËÊ´±Í¨¥° [2, 3, 22, 23], É. ¥. ¢Ò¤¥²¨ÉÓ ¸¨²μ¢ÊÕ
ËÊ´±Í¨Õ ¡¥É -¶¥·¥Ìμ¤μ¢ Sβ(E) ²¨ÏÓ ¢ ¸²¥¤ÊÕÐ¨Ì ¸²ÊÎ ÖÌ:

1) ¤²Ö · §·¥Ï¥´´ÒÌ ¡¥É -¶¥·¥Ìμ¤μ¢;
2) ¤²Ö ¶¥·¥Ìμ¤μ¢ ¶¥·¢μ£μ ¶μ·Ö¤±  § ¶·¥É  ¢ ξ-¶·¨¡²¨¦¥´¨¨;
3) ¤²Ö Ê´¨± ²Ó´ÒÌ n-§ ¶·¥Ð¥´´ÒÌ ¶¥·¥Ìμ¤μ¢.
‘¨²μ¢ Ö ËÊ´±Í¨Ö Sβ(E) μ¶·¥¤¥²Ö¥É · ¸¶·¥¤¥²¥´¨¥ ¶μ Ô´¥·£¨¨ ¢μ§¡Ê¦¤¥-

´¨Ö Ö¤·  E Ô²¥³¥´É ·´ÒÌ § ·Ö¤μ¢μ-μ¡³¥´´ÒÌ ¢μ§¡Ê¦¤¥´¨° ¨ ¨Ì ±μ³¡¨´ -
Í¨° É¨¶  ¶·μÉμ´-Î ¸É¨Í  (πp) Ä ´¥°É·μ´´ Ö ¤Ò·±  (νh), ¸¢Ö§ ´´ÒÌ ¢ ³μ³¥´É
Jπ: [πp ⊗ νh]Jπ , ¨ ´¥°É·μ´-Î ¸É¨Í  (νp) Ä ¶·μÉμ´´ Ö ¤Ò·±  (πh), ¸¢Ö§ ´´ÒÌ
¢ ³μ³¥´É Jπ: [νp ⊗ πh]Jπ . ‘¨²μ¢ Ö ËÊ´±Í¨Ö β-¶¥·¥Ìμ¤μ¢ ”¥·³¨ ÊÎ¨ÉÒ¢ ¥É
¢μ§¡Ê¦¤¥´¨Ö [πp⊗νh]0+ ¨²¨ [νp⊗πh]0+ . ‚¢¨¤Ê Éμ£μ, ÎÉμ ¨§μ¸¶¨´ Ö¢²Ö¥É¸Ö ¤μ-
¸É ÉμÎ´μ Ìμ·μÏ¨³ ±¢ ´Éμ¢Ò³ Î¨¸²μ³, ¸¨²  ¶¥·¥Ìμ¤μ¢ ”¥·³¨ ¸μ¸·¥¤μÉμÎ¥´  ¢
μ¡² ¸É¨ ¨§μ¡ ·- ´ ²μ£μ¢μ£μ ·¥§μ´ ´¸  (IAR). ‘¨²μ¢ Ö ËÊ´±Í¨Ö β-¶¥·¥Ìμ¤μ¢
ƒ ³μ¢ Ä’¥²²¥·  μ¶¨¸Ò¢ ¥É ¢μ§¡Ê¦¤¥´¨Ö [πp ⊗ νh]1+ ¨²¨ [νp ⊗ πh]1+ . „²Ö
β-¶¥·¥Ìμ¤μ¢ ¶¥·¢μ£μ § ¶·¥É  (FF-¶¥·¥Ìμ¤μ¢) ¢ ±Ê²μ´μ¢¸±μ³ ¶·¨¡²¨¦¥´¨¨ (ξ-
¶·¨¡²¨¦¥´¨¨) ¸ÊÐ¥¸É¢¥´´Ò ±μ´Ë¨£Ê· Í¨¨ [πp⊗νh]0−,1− ¨²¨ [νp⊗πh]0−,1− .
�¸É ÉμÎ´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ³μ¦¥É ¢Ò§Ò¢ ÉÓ ±μ²²¥±É¨¢¨§ Í¨Õ ¤ ´´ÒÌ ±μ´Ë¨-
£Ê· Í¨° ¨ ¶μÖ¢²¥´¨¥ ·¥§μ´ ´¸μ¢ ¢ Sβ(E). � ¸Î¥É ¶μ²μ¦¥´¨Ö ¨ ¨´É¥´¸¨¢´μ¸É¨
·¥§μ´ ´¸μ¢ ¢ Sβ(E) ¶·μ¨§¢μ¤¨É¸Ö ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ · §²¨Î´ÒÌ ³¨±·μ¸±μ¶¨-
Î¥¸±¨Ì ³μ¤¥²¥° [2, 3, 7, 24Ä31].

„²Ö β-¶¥·¥Ìμ¤μ¢ ƒ ³μ¢ Ä’¥²²¥· , ¶¥·¢μ£μ § ¶·¥É  ¢ ξ-¶·¨¡²¨¦¥´¨¨ (±Ê-
²μ´μ¢¸±μ¥ ¶·¨¡²¨¦¥´¨¥) ¨ Ê´¨± ²Ó´ÒÌ ¶¥·¥Ìμ¤μ¢ ¶¥·¢μ£μ § ¶·¥É  ¶·¨¢¥¤¥´-
´Ò¥ ¢¥·μÖÉ´μ¸É¨ B(GT), [B(λπ = 0−) + B(λπ = 1−)], [B(λπ = 2−)], ¶¥·¨μ¤
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¶μ²Ê· ¸¶ ¤  T1/2, § ¸¥²¥´´μ¸É¨ Ê·μ¢´¥° I(E), ¸¨²μ¢ Ö ËÊ´±Í¨Ö Sβ(E) ¨ ¢¥-
²¨Î¨´Ò ft ¸¢Ö§ ´Ò ¸²¥¤ÊÕÐ¨³ μ¡· §μ³ [2, 18, 20]:

d(I(E))
dE

= Sβ(E)T1/2f(Qβ − E), (3)

(T1/2)−1 =
∫

Sβ(E) f(Qβ − E)dE, (4)

∫
ΔE

Sβ(E) dE =
∑
ΔE

1
ft

, (5)

B(GT, E) =
D(g2

V /4π)
ft

, (6)

B(GT, E) =
g2

A

4π

∣∣〈If

∥∥Σt±(k)σμ(k)
∥∥Ii

〉∣∣2
2Ii + 1

, (7)

[B(λπ = 2−)] =
3
4

Dg2
V /4π

ft
, (8)

[B(λπ = 0−) + B(λπ = 1−)] =
Dg2

V /4π

ft
, (9)

£¤¥ Qβ Å ¶μ²´ Ö Ô´¥·£¨Ö β-· ¸¶ ¤ ; f(Qβ −E) Å ËÊ´±Í¨Ö ”¥·³¨; t Å ¶ ·-
Í¨ ²Ó´Ò° ¶¥·¨μ¤ β-· ¸¶ ¤  ´  Ê·μ¢¥´Ó ¸ Ô´¥·£¨¥° ¢μ§¡Ê¦¤¥´¨Ö E;
|〈If‖Σt±(k)σμ(k)‖Ii〉| Å ¶·¨¢¥¤¥´´Ò° Ö¤¥·´Ò° ³ É·¨Î´Ò° Ô²¥³¥´É ¤²Ö ¶¥-
·¥Ìμ¤  ƒ ³μ¢ Ä’¥²²¥· ; Ii Å ¸¶¨´ ³ É¥·¨´¸±μ£μ Ö¤· ; If Å ¸¶¨´ Ê·μ¢´Ö
¤μÎ¥·´¥£μ Ö¤· ; D = (6147 ± 7) c. ˆ§³¥·¨¢ § ¸¥²¥´´μ¸É¨ Ê·μ¢´¥° ¶·¨ β-
· ¸¶ ¤¥, ³μ¦´μ μ¶·¥¤¥²¨ÉÓ ¶·¨¢¥¤¥´´Ò¥ ¢¥·μÖÉ´μ¸É¨ ¨ ¸¨²μ¢ÊÕ ËÊ´±Í¨Õ
¡¥É -· ¸¶ ¤ . �·¨¢¥¤¥´´Ò¥ ¢¥·μÖÉ´μ¸É¨ ¡¥É -· ¸¶ ¤  ¶·μ¶μ·Í¨μ´ ²Ó´Ò ±¢ -
¤· É ³ Ö¤¥·´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ¨ μÉ· ¦ ÕÉ Éμ´±ÊÕ ¸É·Ê±ÉÊ·Ê ¸¨²μ¢ÒÌ
ËÊ´±Í¨° ¡¥É -· ¸¶ ¤ .

‘Ì¥³Ò ¸μ¸ÉμÖ´¨°, ¸ÊÐ¥¸É¢¥´´ÒÌ ¶·¨  ´ ²¨§¥ ¸¨²μ¢ÒÌ ËÊ´±Í¨° ¶¥·¥Ìμ-
¤μ¢ ƒ ³μ¢ Ä’¥²²¥· , ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 1 ¨ ¢ É ¡². 1. �·¨ β+/EC-· ¸¶ ¤¥
Ö¤¥· ¸ N > Z ¨³¥¥É¸Ö Éμ²Ó±μ μ¤´μ §´ Î¥´¨¥ ¨§μ¸¶¨´  T0 +1 ¶·¨ ¸¢Ö§Ò¢ ´¨¨
¨§μ¸¶¨´  (τ = 1, μτ = +1) ±μ´Ë¨£Ê· Í¨° É¨¶  ¶·μÉμ´´ Ö ¤Ò·±  Ä ´¥°É·μ´-
Î ¸É¨Í  [νp⊗πh]1+ ¸ ¨§μ¸¶¨´μ³ ´¥°É·μ´´μ£μ ¨§¡ÒÉ±  T0. � ¨¡μ²¥¥ ±μ²²¥±-
É¨¢´μ¥ ¸μ¸ÉμÖ´¨¥, μ¡· §ÊÕÐ¥¥¸Ö ¨§ ¢μ§¡Ê¦¤¥´¨° É¨¶  [νp⊗ πh]1+ , ¨³¥ÕÐ¨Ì
¨§μ¸¶¨´ τ = 1 ¨ ¶·μ¥±Í¨Õ ¨§μ¸¶¨´  μτ = +1, É ±¦¥ ´ §Ò¢ ¥É¸Ö [2] ·¥§μ-
´ ´¸μ³ ƒ ³μ¢ Ä’¥²²¥·  ¸ μτ = +1. ˆ ¥¸²¨ ¤²Ö β−-· ¸¶ ¤  Ö¤¥· ¸ N > Z
·¥§μ´ ´¸ ƒ ³μ¢ Ä’¥²²¥·  (τ = 1, μτ = −1) ´ Ìμ¤¨É¸Ö (·¨¸. 1) ¶·¨ Ô´¥·£¨ÖÌ
¢μ§¡Ê¦¤¥´¨Ö, ¶·¥¢ÒÏ ÕÐ¨Ì Qβ , ¨ Ô´¥·£¥É¨Î¥¸±¨ ´¥ ¤μ¸ÉÊ¶¥´ ¤²Ö § ¸¥²¥´¨Ö
¶·¨ β−-· ¸¶ ¤¥, Éμ ·¥§μ´ ´¸ ƒ ³μ¢ Ä’¥²²¥·  ¸ μτ = +1 ³μ¦¥É § ¸¥²ÖÉÓ¸Ö ¶·¨
β+/EC-· ¸¶ ¤¥ [2]. ‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ´¥ ¸ÊÐ¥¸É¢Ê¥É É¥μ·¨¨,  ¤¥±¢ É´μ μ¶¨-
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�¨¸. 1. ‘Ì¥³Ò ¸¨²μ¢ÒÌ ËÊ´±Í¨° β-¶¥·¥Ìμ¤μ¢ ƒ ³μ¢ Ä’¥²²¥·  ¨ ±μ´Ë¨£Ê· Í¨°, Ëμ·-
³¨·ÊÕÐ¨Ì ·¥§μ´ ´¸Ò ¢ Sβ(E) ¤²Ö GT-¶¥·¥Ìμ¤μ¢. ‘¨²  ¶¥·¥Ìμ¤μ¢ ”¥·³¨ ¸μ¸·¥¤μÉμ-
Î¥´  ¢ μ¡² ¸É¨ ¨§μ¡ ·- ´ ²μ£μ¢μ£μ ·¥§μ´ ´¸  (IAR)

¸Ò¢ ÕÐ¥° ¸¨²μ¢Ò¥ ËÊ´±Í¨¨ β-· ¸¶ ¤  ¤¥Ëμ·³¨·μ¢ ´´ÒÌ Ö¤¥·. ’¥μ·¨Ö ¶μ-
§¢μ²Ö¥É ¤¥² ÉÓ ¤μ¸É ÉμÎ´μ ±μ··¥±É´Ò¥ · ¸Î¥ÉÒ ¤²Ö ¶μ²μ¦¥´¨Ö ¨ μÉ´μ¸¨É¥²Ó-
´ÒÌ ¨´É¥´¸¨¢´μ¸É¥° ¶¨±μ¢ ¢ ¸¨²μ¢ÒÌ ËÊ´±Í¨ÖÌ ¶¥·¥Ìμ¤μ¢ ƒ ³μ¢ Ä’¥²²¥· 
¤²Ö ¸Ë¥·¨Î¥¸±¨Ì ¨ ¸² ¡μ¤¥Ëμ·³¨·μ¢ ´´ÒÌ Ö¤¥· [7, 29, 32]. „²Ö  ¡¸μ²ÕÉ´ÒÌ
¨´É¥´¸¨¢´μ¸É¥° ¶¨±μ¢ ¸¨²μ¢ÒÌ ËÊ´±Í¨° · ¸Ìμ¦¤¥´¨¥ ³¥¦¤Ê Ô±¸¶¥·¨³¥´Éμ³
¨ É¥μ·¨¥° ¢ ¸Ë¥·¨Î¥¸±¨Ì Ö¤· Ì ¤μ¸É¨£ ¥É μÉ ¤¥¸ÖÉ±μ¢ ¤μ ¸μÉ¥´ ¶·μÍ¥´Éμ¢.
’¥μ·¨Ö ¶·¥¤¸± §Ò¢ ¥É ¡μ²¥¥ ¨´É¥´¸¨¢´Ò¥ ¶¨±¨ ¢ ¸¨²μ¢ÒÌ ËÊ´±Í¨ÖÌ, Î¥³
´ ¡²Õ¤ ¥³Ò¥ ¢ Ô±¸¶¥·¨³¥´É¥ [7, 15, 16, 33, 34]. Šμ²²¥±É¨¢´Ò¥ ¢μ§¡Ê¦¤¥´¨Ö
ƒ ³μ¢ Ä’¥²²¥·  ¸ ³ ±·μ¸±μ¶¨Î¥¸±μ° ÉμÎ±¨ §·¥´¨Ö ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° ±μ²¥-
¡ ´¨Ö ¸¶¨´-¨§μ¸¶¨´μ¢μ° ¶²μÉ´μ¸É¨ ¡¥§ ¨§³¥´¥´¨Ö Ëμ·³Ò Ö¤· , ¶μÔÉμ³Ê ¶μ-
²μ¦¥´¨¥ ³ ±¸¨³Ê³  ¢ ¸¨²μ¢μ° ËÊ´±Í¨¨ ¢ ¸Ë¥·¨Î¥¸±μ³ ¶·¥¤¥²¥ ¤μ²¦´μ ¶·¨-
³¥·´μ ¸μμÉ¢¥É¸É¢μ¢ ÉÓ Í¥´É·Ê ÉÖ¦¥¸É¨ ¸¨²μ¢μ° ËÊ´±Í¨¨ ¤¥Ëμ·³¨·μ¢ ´´μ£μ
Ö¤·  [2]. � ²¨Î¨¥ ·¥§μ´ ´¸´μ° ¸É·Ê±ÉÊ·Ò Ê ¸¨²μ¢ÒÌ ËÊ´±Í¨° β-¶¥·¥Ìμ¤μ¢
ƒ ³μ¢ Ä’¥²²¥·  ¸¢Ö§ ´μ ¸ μ¸É ÉμÎ´Ò³ ¸¶¨´-¨§μ¸¶¨´μ¢Ò³ ¢§ ¨³μ¤¥°¸É¢¨¥³ ¨
Î ¸É¨Î´μ° SU(4) ¸¶¨´-¨§μ¸¶¨´μ¢μ° ¸¨³³¥É·¨¥° ¢ Ö¤· Ì [2, 3, 35].

„²Ö β+/EC-¶¥·¥Ìμ¤μ¢ ¶¥·¢μ£μ § ¶·¥É  (FF-¶¥·¥Ìμ¤μ¢) ¢ ξ-¶·¨¡²¨¦¥´¨¨
¸ÊÐ¥¸É¢¥´´Ò ±μ´Ë¨£Ê· Í¨¨ É¨¶  ¶·μÉμ´´ Ö ¤Ò·±  Ä ´¥°É·μ´-Î ¸É¨Í , ¸¢Ö§ ´-
´Ò¥ ¢ ³μ³¥´É 0− ¨²¨ 1−: [νp ⊗ πh]0−,1− . ‚μ¶·μ¸ μ ´ ²¨Î¨¨ ¨²¨ μÉ¸ÊÉ¸É¢¨¨
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’ ¡²¨Í  1. ‘Ì¥³Ò ±μ´Ë¨£Ê· Í¨°, ¸ÊÐ¥¸É¢¥´´ÒÌ ¶·¨ · ¸¸³μÉ·¥´¨¨ Sβ(E) ¤²Ö
β-¶¥·¥Ìμ¤μ¢ ”¥·³¨ (F) ¨ ƒ ³μ¢ Ä’¥²²¥·  (GT)

Œ É¥·¨´¸±μ¥ ¸μ¸ÉμÖ´¨¥ (Parent
state, PS)

�´ ²μ£μ¢μ¥ ¸μ¸ÉμÖ´¨¥. ˆ§μ¡ ·- ´ -
²μ£μ¢Ò° ·¥§μ´ ´¸ (Analogue state,
Isobar Analogue Resonance, IAR)

�´É¨ ´ ²μ£μ¢μ¥ ¸μ¸ÉμÖ´¨¥ (Anti-
analogue state, AIAS)

�μ²Ö·¨§ Í¨Ö μ¸Éμ¢  (Core-polarised
state, CP)

‘¶¨´-Ë²¨¶ (Spin-
ip state, SF)

�¡· É´Ò° ¸¶¨´-Ë²¨¶ (Back-spin-

ip state, BSF)

·¥§μ´ ´¸´μ° ¸É·Ê±ÉÊ·Ò Ê ¸¨²μ¢μ° ËÊ´±Í¨¨ ¤²Ö β−- ¨²¨ β+/EC-¶¥·¥Ìμ¤μ¢
¶¥·¢μ£μ § ¶·¥É  ¤μ ´¥¤ ¢´¥£μ ¢·¥³¥´¨ μ¸É ¢ ²¸Ö μÉ±·ÒÉÒ³.

‘¨²Ó´μ¥ ¸³¥Ï¨¢ ´¨¥ ±μ´Ë¨£Ê· Í¨° ¶·¨ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ ¢μ§¡Ê¦¤¥´¨Ö
¨ ¶²μÉ´μ¸ÉÖÌ Ê·μ¢´¥° ¤μ²¦´μ ¶·¨¢μ¤¨ÉÓ ± ¨¸Î¥§´μ¢¥´¨Õ ·¥§μ´ ´¸´μ° ¸É·Ê±-
ÉÊ·Ò ¢ ¸¨²μ¢ÒÌ ËÊ´±Í¨ÖÌ Sβ(E). � ²¨Î¨¥ ¶·¨¡²¨¦¥´´μ° ¸¨³³¥É·¨¨ Ö¤¥·-
´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶·¥¶ÖÉ¸É¢Ê¥É ¸³¥Ï¨¢ ´¨Õ ·Ö¤  ±μ´Ë¨£Ê· Í¨°. „²Ö ±μ´-
Ë¨£Ê· Í¨°, § ¸¥²Ö¥³ÒÌ ¶·¨ β+/EC-¶¥·¥Ìμ¤ Ì ƒ ³μ¢ Ä’¥²²¥· , ¸³¥Ï¨¢ ´¨¥
¡μ²¥¥ ¸² ¡μ¥ ¢¸²¥¤¸É¢¨¥ Î ¸É¨Î´μ° SU(4) ¸¶¨´-¨§μ¸¶¨´μ¢μ° ¸¨³³¥É·¨¨ ¢§ -
¨³μ¤¥°¸É¢¨Ö ¢ Ö¤·¥ [2, 3, 34]. „²Ö β+/EC-¶¥·¥Ìμ¤μ¢ ¶¥·¢μ£μ § ¶·¥É  É ±¦¥
´ ¡²Õ¤ ¥É¸Ö ·¥§μ´ ´¸´ Ö ¸É·Ê±ÉÊ·  ¢ ¸¨²μ¢μ° ËÊ´±Í¨¨ Sβ(E) [21]. � ²¨-
Î¨¥ ·¥§μ´ ´¸´μ° ¸É·Ê±ÉÊ·Ò ¢ ¸¨²μ¢μ° ËÊ´±Í¨¨ β+/EC-¶¥·¥Ìμ¤μ¢ ¶¥·¢μ£μ
§ ¶·¥É  ³μ¦¥É ¸¢¨¤¥É¥²Ó¸É¢μ¢ ÉÓ μ ¸ÊÐ¥¸É¢μ¢ ´¨¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¥° ¶¥·¢μ³Ê
§ ¶·¥ÉÊ Î ¸É¨Î´μ° ¸¨³³¥É·¨¨ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ Ö¤·¥. �Éμ μ§´ Î ¥É, ÎÉμ ±μ´-
Ë¨£Ê· Í¨¨, § ¸¥²Ö¥³Ò¥ ¶·¨ ¶¥·¥Ìμ¤ Ì ¶¥·¢μ£μ § ¶·¥É , É ±¦¥ ¢Ò¤¥²¥´Ò ¶μ
¶·¨¡²¨¦¥´´Ò³ ±¢ ´Éμ¢Ò³ Î¨¸² ³ ¸·¥¤¨ ¸μ¸¥¤´¨Ì Ê·μ¢´¥° ¤μÎ¥·´¥£μ Ö¤·  ¨
¸¨²Ó´μ£μ ¸³¥Ï¨¢ ´¨Ö ±μ´Ë¨£Ê· Í¨° ´¥ ¶·μ¨¸Ìμ¤¨É.
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‘¨²μ¢Ò¥ ËÊ´±Í¨¨ ¤²Ö β−- ¨ β+-¶¥·¥Ìμ¤μ¢ ± Î¥¸É¢¥´´μ · §²¨Î´Ò, ÎÉμ
¶·μÖ¢²Ö¥É¸Ö, ¶·¥¦¤¥ ¢¸¥£μ, ¢ ¶μ²´μ° ¸Ê³³¥ β−- ¨ β+-¶¥·¥Ìμ¤μ¢. ‘ÊÐ¥¸É¢Ê¥É
¶· ¢¨²μ ¸Ê³³ [36, 37], ±μÉμ·μ¥ ¸¢Ö§Ò¢ ¥É ¶μ²´Ò¥ ¸Ê³³Ò S− ¨ S+ ¸²¥¤ÊÕÐ¨³
¸μμÉ´μÏ¥´¨¥³:

S− − S+ ≈ 3(N − Z), (10)

£¤¥
S± =

∑
i

B±(GT, Ei), (11)

  ¢¥²¨Î¨´  B± ¸¢Ö§ ´  ¸ Sβ(E) ¸μμÉ´μÏ¥´¨Ö³¨ (5)Ä(9).
‚¥²¨Î¨´Ò S± ´ §Ò¢ ÕÉ ¨´É¥£· ²Ó´μ° ¸¨²μ° ¢μ§¡Ê¦¤¥´¨° ƒ ³μ¢ Ä’¥²²¥· 

(GT) ¢ ± ´ ² Ì β−- ¨²¨ β+-· ¸¶ ¤μ¢. ˆ§ (10) ¸²¥¤Ê¥É, ÎÉμ ¢ Ö¤· Ì ¸ N > Z
¶μ²´ Ö ¸Ê³³  β−-¶¥·¥Ìμ¤μ¢ ¸ÊÐ¥¸É¢¥´´μ ¡μ²ÓÏ¥, Î¥³ ¶μ²´ Ö ¸Ê³³  β+-
¶¥·¥Ìμ¤μ¢. �¤´ ±μ ÔÉμ ´¥ μ§´ Î ¥É, ¥¸É¥¸É¢¥´´μ, ÎÉμ ¢¥²¨Î¨´Ò ¶·¨¢¥¤¥´´ÒÌ
¶¥·¨μ¤μ¢ ¶μ²Ê· ¸¶ ¤  log ft ¤²Ö β−- ¨ β+-¶¥·¥Ìμ¤μ¢ ³¥¦¤Ê ´¨§±μ²¥¦ Ð¨³¨
¸μ¸ÉμÖ´¨Ö³¨ ¤μ²¦´Ò ¸¨²Ó´μ · §²¨Î ÉÓ¸Ö. �  ¤ ´´μ³ ÔÉ ¶¥ ´ Ï¨Ì · ¸¸Ê¦¤¥-
´¨° μ Ë¨§¨Î¥¸±μ° §´ Î¨³μ¸É¨ ¢¥²¨Î¨´Ò S± Ê¤μ¡´¥¥ ¢¸¥£μ Ê¶μÉ·¥¡¨ÉÓ Ï¨·μ±μ
¨§¢¥¸É´ÊÕ ¸Ì¥³Ê ¸¨²μ¢ÒÌ ËÊ´±Í¨° β-· ¸¶ ¤  ¤²Ö Ö¤¥· ¸ N > Z, ¨§μ¡· ¦¥´-
´ÊÕ ´  ·¨¸. 1. ˆ§ Ê± § ´´μ° ¸Ì¥³Ò ¢¨¤´μ, ÎÉμ ¶·¨ β-· ¸¶ ¤¥ ¢ Ô´¥·£¥É¨Î¥¸±μ¥
μ±´μ E < Qβ ¶μ¶ ¤ ÕÉ ¤ ²¥±μ ´¥ ¢¸¥ ¸μ¸ÉμÖ´¨Ö, ¤ ÕÐ¨¥ ¢±² ¤ ¢ ¶μ²´ÊÕ
¸Ê³³Ê S±. ˆ§¢¥¸É´μ [2, 3], ÎÉμ ¤²Ö Ö¤¥· ¸ N > Z ¡μ²¥¥ 90 % ¶μ²´μ° ¸¨²Ò
β−-¶¥·¥Ìμ¤μ¢ ƒ ³μ¢ Ä’¥²²¥·  ¸μ¸·¥¤μÉμÎ¥´Ò ¢ ·¥§μ´ ´¸¥ ƒ ³μ¢ Ä’¥²²¥· ,
±μÉμ·Ò° ¶μ Ô´¥·£¨¨ ¢μ§¡Ê¦¤¥´¨Ö ´ Ìμ¤¨É¸Ö §´ Î¨É¥²Ó´μ ¢ÒÏ¥ Ô´¥·£¨¨ β-
· ¸¶ ¤  Qβ (·¨¸. 1),   ÔÉμ μ§´ Î ¥É, ÎÉμ ¢¥²¨Î¨´Ò ¸¨², ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¶μ²-
´Ò³ ¸Ê³³ ³ S− ¨ S+, ¢ μ¡² ¸É¨ ´¨§±¨Ì Ô´¥·£¨° ¢μ§¡Ê¦¤¥´¨Ö ³μ£ÊÉ ¡ÒÉÓ
¸· ¢´¨³Ò.

Š ± ¢¨¤´μ ¨§ ·¨¸. 1, ¢ Sβ(E) ¤²Ö β−-¶¥·¥Ìμ¤μ¢ μ¸´μ¢´μ° ³ ±¸¨³Ê³ (GT)
· ¸¶μ²μ¦¥´ ¢ μ¡² ¸É¨ ¨§μ¡ ·- ´ ²μ£μ¢μ£μ ¸μ¸ÉμÖ´¨Ö (IAR). �¸´μ¢´μ° ³ ±¸¨-
³Ê³ ¢ Sβ(E) ¤²Ö β+/EC-· ¸¶ ¤  ¸¶μ¸μ¡¥´ ¤μ¸É ÉμÎ´μ ¸¨²Ó´μ ¨§³¥´ÖÉÓ ¸¢μ¥
³¥¸Éμ¶μ²μ¦¥´¨¥ ¶·¨ ¶¥·¥Ìμ¤¥ μÉ Ö¤·  ± Ö¤·Ê. �¤´ ±μ ¥¸²¨ μ¸´μ¢´μ° ³ ±-
¸¨³Ê³ ¢ Sβ(E) ¤²Ö β−-¶¥·¥Ìμ¤μ¢ (μτ = −1) ¢ ¶·¨´Í¨¶¥ ´¥·¥ ²¨§Ê¥³ ¶·¨
β−-· ¸¶ ¤¥ Ö¤¥· ¸ N > Z, Éμ ·¥§μ´ ´¸ ƒ ³μ¢ Ä’¥²²¥·  ¸ ¶·μ¥±Í¨¥° ¨§μ-
¸¶¨´  μτ = +1 ¢ μÉ¤¥²Ó´ÒÌ Ö¤· Ì ³μ¦¥É μ¶Ê¸± ÉÓ¸Ö ´¨¦¥ ¶μ²´μ° Ô´¥·£¨¨
β-· ¸¶ ¤  Qβ [2, 3, 7] ¨ ¤μ²¦¥´ ´ ¡²Õ¤ ÉÓ¸Ö ¶·¨ β+/EC-· ¸¶ ¤ Ì Ö¤¥·.

‚ Ö¤· Ì ¸ Z > N ¸¨ÉÊ Í¨Ö ¸ β−- ¨ β+-· ¸¶ ¤ ³¨ ³¥´Ö¥É¸Ö ´  ¶·μÉ¨¢μ-
¶μ²μ¦´ÊÕ.

� §²¨Î¨Ö ¢ Sβ+ ¨ Sβ− ³ ²μ ¸± §Ò¢ ÕÉ¸Ö ´  ¢¥·μÖÉ´μ¸ÉÖÌ β−- ¨ β+-
¶¥·¥Ìμ¤μ¢ ¢ Ö¤· Ì ¢¡²¨§¨ ¶μ²μ¸Ò β-¸É ¡¨²Ó´μ¸É¨. �É¨ · §²¨Î¨Ö ¶·μÖ¢²ÖÕÉ¸Ö
¡μ²¥¥ ¸¨²Ó´μ ¶·¨ Ê¤ ²¥´¨¨ μÉ ¶μ²μ¸Ò β-¸É ¡¨²Ó´μ¸É¨ ¨ ¢μ§· ¸É ´¨¨ ¶μ²´μ°
Ô´¥·£¨¨ β-· ¸¶ ¤  Qβ.

‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ³¨±·μ¸±μ¶¨Î¥¸±¨¥ · ¸Î¥ÉÒ Sβ(E) ¶·μ¢μ¤ÖÉ¸Ö ¡¥§
´ ¤²¥¦ Ð¥£μ ÊÎ¥É  ¤¥Ëμ·³ Í¨¨  Éμ³´ÒÌ Ö¤¥·. � §¢¨É¨¥ ³¨±·μ¸±μ¶¨Î¥¸±¨Ì
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³μ¤¥²¥° ¸ ÊÎ¥Éμ³ ¤¥Ëμ·³ Í¨¨ Ö¤¥· Ö¢²Ö¥É¸Ö  ±ÉÊ ²Ó´μ°, ´μ ¶μ±  ¤μ²¦´Ò³
μ¡· §μ³ ´¥ ·¥Ï¥´´μ° § ¤ Î¥°.

ˆ´Ëμ·³ Í¨Ö μ ¸É·Ê±ÉÊ·¥ Sβ(E) ¢ ¦´  ¤²Ö ³´μ£¨Ì μ¡² ¸É¥° Ö¤¥·´μ° Ë¨-
§¨±¨ [2Ä4]. „²Ö ¶·¥¤¸± § ´¨Ö ¶¥·¨μ¤μ¢ ¶μ²Ê· ¸¶ ¤  Ö¤¥·, Ê¤ ²¥´´ÒÌ μÉ ¶μ-
²μ¸Ò β-¸É ¡¨²Ó´μ¸É¨, ¶·μ¢¥·±¨ ¶μ²´μÉÒ ¸Ì¥³ · ¸¶ ¤ , · ¸Î¥Éμ¢ Ô´¥·£μ¢Ò-
¤¥²¥´¨Ö μÉ · ¸¶ ¤  ¶·μ¤Ê±Éμ¢ ¤¥²¥´¨Ö ¢ Ö¤¥·´ÒÌ ·¥ ±Éμ· Ì, · ¸Î¥Éμ¢ ¸¶¥±-
É·μ¢ § ¶ §¤Ò¢ ÕÐ¨Ì Î ¸É¨Í, · ¸Î¥Éμ¢ ¢¥·μÖÉ´μ¸É¨ § ¶ §¤Ò¢ ÕÐ¥£μ ¤¥²¥´¨Ö
¨ μÍ¥´±¨ ¡ ·Ó¥·μ¢ ¤¥²¥´¨Ö ¤²Ö Ö¤¥·, Ê¤ ²¥´´ÒÌ μÉ ¶μ²μ¸Ò β-¸É ¡¨²Ó´μ¸É¨,
· ¸Î¥Éμ¢ μ¡· §μ¢ ´¨Ö · §²¨Î´ÒÌ ¨§μÉμ¶μ¢ ¢  ¸É·μË¨§¨Î¥¸±¨Ì ¶·μÍ¥¸¸ Ì, · §-
¢¨É¨Ö ³¨±·μ¸±μ¶¨Î¥¸±¨Ì ³μ¤¥²¥° · ¸Î¥Éμ¢ Sβ(E), μ¸μ¡¥´´μ ¢ ¤¥Ëμ·³¨·μ¢ ´-
´ÒÌ Ö¤· Ì, ´¥μ¡Ìμ¤¨³μ ¨³¥ÉÓ ´ ¤¥¦´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ μ ¸É·Ê±-
ÉÊ·¥ Sβ(E).

1.1. ”Ê´±Í¨Ö ”¥·³¨. � ¤¥¦´Ò¥ · ¸Î¥ÉÒ ËÊ´±Í¨¨ ”¥·³¨ ´¥μ¡Ìμ¤¨³Ò
¤²Ö  ´ ²¨§  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶μ ¡¥É -· ¸¶ ¤Ê Ö¤¥· ¨ ¶·μ¢¥¤¥´¨Ö
¸· ¢´¥´¨Ö É¥μ·¨¨ ¸ Ô±¸¶¥·¨³¥´Éμ³. ‘ÊÐ¥¸É¢ÊÕÉ μ¡Ï¨·´Ò¥ É ¡²¨ÍÒ ¨ ¶·μ-
£· ³³Ò ¤²Ö · ¸Î¥É  ËÊ´±Í¨¨ ”¥·³¨ [22, 38].

�´ ²¨§ β-· ¸¶ ¤  Ö¤¥· μ¸´μ¢ ´ ´  ¸ÊÐ¥¸É¢μ¢ ´¨¨ ¤¢ÊÌ ³ ²ÒÌ ¶ · ³¥-
É·μ¢: ¸±μ·μ¸ÉÓ ´Ê±²μ´  ¢ Ö¤·¥ ³¥´ÓÏ¥ ¸±μ·μ¸É¨ ¸¢¥É  (v/c � 0,2) ¨ · ¤¨Ê¸
Ö¤·  R ³¥´ÓÏ¥ ¤²¨´Ò ¢μ²´Ò ¤¥ 	·μ°²Ö λ ¢Ò²¥É¥¢Ï¨Ì ¨§ Ö¤·  Î ¸É¨Í. �·¨
Ê¢¥²¨Î¥´¨¨ ´  ¥¤¨´¨ÍÊ μ·¡¨É ²Ó´μ£μ ³μ³¥´É , Ê´μ¸¨³μ£μ Î ¸É¨Í¥°, ¢¥·μÖÉ-
´μ¸ÉÓ ¶¥·¥Ìμ¤  ¸´¨¦ ¥É¸Ö ¢ ∼ (R/λ)2 · §. �μÔÉμ³Ê ¨¸¶Ê¸± ´¨¥ Ô²¥±É·μ´  ¨
 ´É¨´¥°É·¨´μ, Ê´μ¸ÖÐ¨Ì μ·¡¨É ²Ó´Ò° ³μ³¥´É � = 1�, ¨³¥¥É ¢¥·μÖÉ´μ¸ÉÓ ¢
¸·¥¤´¥³ ¢ 102−103 · § ³¥´ÓÏÊÕ ¶μ ¸· ¢´¥´¨Õ ¸μ ¸²ÊÎ ¥³, ±μ£¤  Î ¸É¨ÍÒ ´¥
Ê´μ¸ÖÉ μ·¡¨É ²Ó´μ£μ ³μ³¥´É  [22]. ‚¸¥ ¡¥É -¶¥·¥Ìμ¤Ò · §¤¥²ÖÕÉ¸Ö ´  £·Ê¶¶Ò
· §·¥Ï¥´´ÒÌ ¨ § ¶·¥Ð¥´´ÒÌ ¶¥·¥Ìμ¤μ¢. ƒ·Ê¶¶  ´ ¨¡μ²¥¥ ¢¥·μÖÉ´ÒÌ, É. ¥. · §-
·¥Ï¥´´ÒÌ, ¶¥·¥Ìμ¤μ¢ ¸μμÉ¢¥É¸É¢Ê¥É ¨§³¥´¥´¨Õ ¸¶¨´  Ö¤·  ΔI = 0,±1 ¡¥§
¨§³¥´¥´¨Ö Î¥É´μ¸É¨, ¶·¨Î¥³ ²¥£±¨¥ Î ¸É¨ÍÒ ´¥ Ê´μ¸ÖÉ μ·¡¨É ²Ó´μ£μ ³μ³¥´É ,
É. ¥. � = 0. „²Ö · §·¥Ï¥´´ÒÌ β-¶¥·¥Ìμ¤μ¢ ³μ¦´μ ¶·¥´¥¡·¥ÎÓ ¨§³¥´¥´¨¥³
²¥¶Éμ´´ÒÌ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° ¢´ÊÉ·¨ Ö¤·  ¨ § ¢¨¸¨³μ¸ÉÓÕ ¢¥·μÖÉ´μ¸É¨ ¶¥·¥-
Ìμ¤  μÉ ¶μ²μ¦¥´¨Ö ´Ê±²μ´ . ‚ ¤ ´´μ³ ¶·¨¡²¨¦¥´¨¨ ¢¥·μÖÉ´μ¸ÉÓ β-¶¥·¥Ìμ¤ 
³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ ¶·μ¨§¢¥¤¥´¨Ö ²¥¶Éμ´´μ° ¨ Ö¤¥·´μ° Î ¸É¨. Ÿ¤¥·´ÊÕ
Î ¸ÉÓ Ì · ±É¥·¨§ÊÕÉ ²¨¡μ ¸ ¶μ³μÐÓÕ Sβ(E), ²¨¡μ ¸ ¶μ³μÐÓÕ ¢¥²¨Î¨´ ft,
£¤¥ t Å ¶ ·Í¨ ²Ó´Ò° ¶¥·¨μ¤ ¶μ ¢¥É±¥ ¡¥É -· ¸¶ ¤ , f Å ¨´É¥£· ²Ó´ Ö ËÊ´±-
Í¨Ö ”¥·³¨ [22, 23], Ì · ±É¥·¨§ÊÕÐ Ö Ë §μ¢μ¥ ¶·μ¸É· ´¸É¢μ ¤²Ö ²¥¶Éμ´μ¢.
”Ê´±Í¨Ö f Å ÔÉμ ¨´É¥£· ²Ò ¶μ ¸¶¥±É· ³ Ô²¥±É·μ´μ¢, ¨ ¶·¨ ¨Ì ¢ÒÎ¨¸²¥´¨¨
´¥μ¡Ìμ¤¨³μ · ¸¸³ É·¨¢ ÉÓ ¤¢¨¦¥´¨¥ Ô²¥±É·μ´μ¢ ¢ ±Ê²μ´μ¢¸±μ³ ¶μ²¥ Ö¤·  ¨
 Éμ³´ÒÌ Ô²¥±É·μ´μ¢ [22, 23, 26]. �·¨ ¶·¥Í¨§¨μ´´μ³  ´ ²¨§¥ ´¥μ¡Ìμ¤¨³μ ¶μ-
³´¨ÉÓ μ ¸¤¥² ´´ÒÌ ¤μ¶ÊÐ¥´¨ÖÌ,   ¨³¥´´μ: ¢±² ¤ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ³ É·¨Î´ÒÌ
Ô²¥³¥´Éμ¢, ±μÉμ·Ò¥ μÉ¡·μÏ¥´Ò ¢ μ¡ÒÎ´μ³ ¶·¨¡²¨¦¥´¨¨, ³μ¦¥É ¸μ¸É ¢²ÖÉÓ
0,25 % ´  ¨´É¥·¢ ² Ô´¥·£¨¨ 1mec

2 ∼ 511 ±Ô‚. ‚μ§³μ¦´μ¥ ¨§³¥´¥´¨¥ ²¥¶Éμ´-
´μ° Î ¸É¨ ¢μ²´μ¢μ° ËÊ´±Í¨¨ ¢´ÊÉ·¨ Ö¤·  ³μ¦¥É ¤ ¢ ÉÓ ÔËË¥±É ¢ ´¥¸±μ²Ó±μ
¤¥¸ÖÉÒÌ ¶·μÍ¥´É  ´  ¨´É¥·¢ ² Ô´¥·£¨¨ 1mec

2. ‚¥²¨Î¨´  ¶μ²´μ° ¶μ¶· ¢±¨
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± ¢¥·μÖÉ´μ¸É¨ ¡¥É -¶¥·¥Ìμ¤  ³¥´¥¥ 1 % ¤²Ö ²¥£±¨Ì Ö¤¥· ¨ ³μ¦¥É ¤μÌμ¤¨ÉÓ ¤μ
5 % ¤²Ö ÉÖ¦¥²ÒÌ Ö¤¥· [22].

‚¥·μÖÉ´μ¸ÉÓ β-¶¥·¥Ìμ¤  ¢ ¥¤¨´¨ÍÊ ¢·¥³¥´¨ § ¶¨¸Ò¢ ¥É¸Ö ± ± [22, 26]

Wfi =
2π

�
|Hfi|2

dke dkν

(2π)6
δ(E0 − εe − Eν), (12)

£¤¥ E0 Å ¶μ²´ Ö Ô´¥·£¨Ö β-· ¸¶ ¤ ; |Hfi| Å ³ É·¨Î´Ò° Ô²¥³¥´É β-¶¥·¥Ìμ¤ 
¨§ ´ Î ²Ó´μ£μ ¸μ¸ÉμÖ´¨Ö (i) ¢ ±μ´¥Î´μ¥ cμ¸ÉμÖ´¨¥ (f); ke, εe Å ¢μ²´μ¢μ°
¢¥±Éμ· ¨ Ô´¥·£¨Ö Ô²¥±É·μ´ ; kν , Eν Å ¢μ²´μ¢μ° ¢¥±Éμ· ¨ Ô´¥·£¨Ö  ´É¨´¥°-
É·¨´μ. Œ É·¨Î´Ò° Ô²¥³¥´É |Hfi| ¸μ¤¥·¦¨É ¶·μ¨§¢¥¤¥´¨¥ Ö¤¥·´μ£μ ³ É·¨Î-
´μ£μ Ô²¥³¥´É  |Mfi| ¨ ¶²μÉ´μ¸É¨ ¸μ¸ÉμÖ´¨° ¤²Ö Ô²¥±É·μ´  ¨  ´É¨´¥°É·¨´μ.
‚ ·¥§Ê²ÓÉ É¥ ¨³¥¥³ · ¸¶·¥¤¥²¥´¨¥ Ô²¥±É·μ´μ¢ ¶μ Ô´¥·£¨¨ [22, 26]:

dWfi

dε
=

mec
2

�

Γ2

π3
ρ(ε, Z, R)|Mfi|2(ε0 − ε)2ε(ε2 − 1)

1/2
,

(13)

ε =
Ee

mec2
, ε0 =

E0

mec2
, B ≡ �

mec2

2π3ln 2
Γ2

= 4131 c.

”Ê´±Í¨Ö ρ(ε, Z, R) μ¶¨¸Ò¢ ¥É ¢²¨Ö´¨¥ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö  Éμ³  ´  · ¸-
¶·¥¤¥²¥´¨¥ β-Î ¸É¨Í ¶μ Ô´¥·£¨Ö³. ‚ ¸²ÊÎ ¥ · §·¥Ï¥´´ÒÌ β-¶¥·¥Ìμ¤μ¢, ¶·¨
¨´É¥£·¨·μ¢ ´¨¨ ¶μ Ô´¥·£¨¨ Ô²¥±É·μ´μ¢, ³μ¦´μ · §¤¥²¨ÉÓ Ö¤¥·´ÊÕ ¨ ²¥¶Éμ´-
´ÊÕ Î ¸É¨ ¢ ¢Ò· ¦¥´¨¨ ¤²Ö ¶μ²´μ° ¢¥·μÖÉ´μ¸É¨ β-¶¥·¥Ìμ¤μ¢ Wfi, ±μÉμ· Ö ¢
¤ ´´μ³ ¸²ÊÎ ¥ § ¶¨¸Ò¢ ¥É¸Ö ± ±

Wfi =
mec

2

�

Γ2

2π3 |Mfi|2f(Z, R, ε0), (14)

£¤¥

f(Z, R, ε0) =

ε0∫
1

ρ(Z, ε, R)(ε0 − ε)2ε(ε2 − 1)
1/2

dε (15)

Å ¨´É¥£· ²Ó´ Ö ËÊ´±Í¨Ö ”¥·³¨.
„²Ö ¶¥·¨μ¤  ¶μ²Ê· ¸¶ ¤  ¢ ¸²ÊÎ ¥ · §·¥Ï¥´´ÒÌ β-¶¥·¥Ìμ¤μ¢

¨³¥¥³ [22, 26]:

T1/2 =
ln 2∑
Wfi

=
�

m0c2

2π3ln2
Γ2

{∑
|Mfi|2f(Z, R, ε0)

}−1

=

=
{∑

Sβ(Ef )f(Z, R, ε0)
}−1

, (16)

£¤¥ Sβ(E) =
|Mfi|2

B
, B ≡ 4213 c ≡ D

g2
V

g2
A

≡ 2π3ln 2
m0c2Γ2 , D ≡ 2π3

�
7ln 2

g2
V m5

0c
4

.
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‚ÒÏ¥¶·¨¢¥¤¥´´Ò¥ Ëμ·³Ê²Ò ¶·¨³¥´¨³Ò ± ± ¤²Ö β−-, É ± ¨ ¤²Ö
β+-· ¸¶ ¤μ¢. „²Ö Ô²¥±É·μ´´μ£μ § Ì¢ É  Ëμ·³Ê²Ò ´¥¸±μ²Ó±μ ³μ¤¨Ë¨Í¨·ÊÕÉ-
¸Ö [22, 26]. ‘μμÉ´μÏ¥´¨¥ ³¥¦¤Ê β+-· ¸¶ ¤μ³ ¨ Ô²¥±É·μ´´Ò³ § Ì¢ Éμ³ § ¢¨-
¸¨É μÉ Ô´¥·£¨¨ ¶¥·¥Ìμ¤ . „²Ö ¶μ²´ÒÌ Ô´¥·£¨° Ô²¥±É·μ´´μ£μ § Ì¢ É  EEC

0 ¨

β+-· ¸¶ ¤  Eβ+

0 ¸¶· ¢¥¤²¨¢μ ¸μμÉ´μÏ¥´¨¥

EEC
0 = Eβ+

0 + 2m0c
2 − Be, (17)

£¤¥ Be Å Ô´¥·£¨Ö ¸¢Ö§¨ Ô²¥±É·μ´ , É. ¥. Ô²¥±É·μ´´Ò° § Ì¢ É ³μ¦¥É ¨³¥ÉÓ
³¥¸Éμ, ±μ£¤  β+-· ¸¶ ¤ Ô´¥·£¥É¨Î¥¸±¨ § ¶·¥Ð¥´.

‚¥·μÖÉ´μ¸ÉÓ Ô²¥±É·μ´´μ£μ § Ì¢ É  ¸ K-μ¡μ²μÎ±¨:

dW
(k)
fi =

2π

�
|H(k)

fi |2 dkν

(2π)3
δ(E0 − Eν), (18)

W
(k)
fi =

mec
2

�

Γ2

π

(
�

mec

)3

ρk(Z, ε, P )|Mfi|2ε2
ν , (19)

T1/2 =
ln 2∑

(W β
fi + W

(k)
fi )

. (20)

�μ³¨³μ K-§ Ì¢ É  Î ¸Éμ (´ ¶·¨³¥·, ¶·¨ μ¶¨¸ ´¨¨ ¶·μÍ¥¸¸  § ¶ §¤Ò¢ Õ-
Ð¥£μ ¤¥²¥´¨Ö) ¢μ§´¨± ¥É ´¥μ¡Ìμ¤¨³μ¸ÉÓ ÊÎ¨ÉÒ¢ ÉÓ § Ì¢ É Ô²¥±É·μ´μ¢ ¸ L-
μ¡μ²μÎ±¨. �·¨ ÊÎ¥É¥ § Ì¢ É  ¸ L1-¶μ¤μ¡μ²μÎ±¨ (qL1 Å Ô´¥·£¨Ö, Ê´μ¸¨³ Ö
´¥°É·¨´μ):

W k+L1
fi =

mec
2Γ2

π
|Mfi|2

1
4π

(g2
−1,kq2

k − g2
−1,L1

q2
L1

), (21)

W k+L1
f =

mec
2Γ2

2π3
|Mfi|2fk+L1

fi (Z, R, ε), (22)

fk+L1
fi (Z, R, ε) =

π

2
(g2

−1,kq2
k − g2

−1,L1
q2
L1

). (23)

„²Ö ËÊ´±Í¨° f ¨ g ¸μ¸É ¢²¥´Ò · §´μμ¡· §´Ò¥ É ¡²¨ÍÒ [22, 38].
� §²¨Î´Ò¥ ¢ ·¨ ´ÉÒ · ¸Î¥É  ¨´É¥£· ²Ó´μ° ËÊ´±Í¨¨ ”¥·³¨ f(ε, Z, R) μÉ-

²¨Î ÕÉ¸Ö, ± ± ¶· ¢¨²μ, ´  ´¥¸±μ²Ó±μ ¶·μÍ¥´Éμ¢, ¨ ²¨ÏÓ ¢ ·¥¤±¨Ì ¸²ÊÎ ÖÌ
(Qβ > 10 ŒÔ‚ ¨ Z > 80) · §²¨Î¨Ö ³μ£ÊÉ ¤μÌμ¤¨ÉÓ ¤μ 20 %.

ˆ´É¥£· ²Ó´ÊÕ ËÊ´±Í¨Õ ”¥·³¨ Ê¤μ¡´μ · §¡¨ÉÓ ´  ¤¢  ³´μ¦¨É¥²Ö:

f(E, Z, R) = Φ(E)F0(E, Z, R), (24)

£¤¥ E Å ¶μ²´ Ö Ô´¥·£¨Ö β-Î ¸É¨ÍÒ, ¢±²ÕÎ Ö ³ ¸¸Ê ¶μ±μÖ ¢ ¥¤¨´¨Í Ì mec
2,

Φ(E) = (E2 − 1)1/2(2E4 + 9E2 − 8)/60 + E ln [E + (E2 − 1)1/2]. (25)
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”Ê´±Í¨Ö Φ(E) ¤μ¢μ²Ó´μ ¸¨²Ó´μ § ¢¨¸¨É μÉ Ô´¥·£¨¨ ¨ ¢ÒÎ¨¸²Ö¥É¸Ö  ´ ²¨É¨-
Î¥¸±¨,   ËÊ´±Í¨Ö F0(E, Z, R) · ¸¸Î¨ÉÒ¢ ¥É¸Ö Î¨¸²¥´´μ ¨ Ê¤μ¡´  ¤²Ö ¨´É¥·-
¶μ²ÖÍ¨¨. ‚ É ¡²¨Í Ì Î ¸Éμ ¶·¨¢μ¤ÖÉ ¨³¥´´μ ËÊ´±Í¨Õ F0(E, Z, R).

1.2. �¥·¨μ¤Ò ¶μ²Ê· ¸¶ ¤ . “Î¥É ¸É·Ê±ÉÊ·Ò Sβ(E) ¢ ¦¥´ ¶·¨  ´ ²¨§¥
¶¥·¨μ¤μ¢ ¶μ²Ê· ¸¶ ¤  T1/2 ¶μ ¢¥É±¥ β-· ¸¶ ¤   Éμ³´ÒÌ Ö¤¥·. �±ÉÊ ²Ó´μ°
§ ¤ Î¥° Ö¢²Ö¥É¸Ö μ¸´μ¢ ´´μ¥ ´  ¸É·Ê±ÉÊ·´μ° Sβ(E) ¶·¥¤¸± § ´¨¥ T1/2 ¤²Ö
Ö¤¥·, Ê¤ ²¥´´ÒÌ μÉ ¶μ²μ¸Ò β-¸É ¡¨²Ó´μ¸É¨. „ ´´Ò¥ μ ¢¥²¨Î¨´ Ì T1/2 ´¥μ¡-
Ìμ¤¨³Ò ¤²Ö ¶² ´¨·μ¢ ´¨Ö Ô±¸¶¥·¨³¥´Éμ¢, ¤²Ö · ¸Î¥É  ·Ö¤   ¸É·μË¨§¨Î¥¸±¨Ì
¶·μÍ¥¸¸μ¢ [2Ä4, 29], ¤²Ö · §²¨Î´ÒÌ É¥Ì´μ²μ£¨Î¥¸±¨Ì ¶·¨³¥´¥´¨° [34, 39Ä41].

‡´ Î¥´¨¥ T1/2 ¶μ ¢¥É±¥ β-· ¸¶ ¤  ¸¢Ö§ ´μ ¸ Sβ(E) ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

T1/2 =
∑

n

∫
Sn

β (E) fn(Z, Qβ − E)dE, 0 � E � Qβ , (26)

£¤¥ n Å ¶μ·Ö¤μ± § ¶·¥É  β-· ¸¶ ¤ .
� ¸Ìμ¦¤¥´¨¥ ³¥¦¤Ê É¥μ·¥É¨Î¥¸±¨³¨ ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¢

´¥¸±μ²Ó±μ · § Å ÔÉμ É¨¶¨Î´ Ö ¸¨ÉÊ Í¨Ö ¤²Ö ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö
³μ¤¥²Ó´ÒÌ · ¸Î¥Éμ¢. ‚ μÉ¤¥²Ó´ÒÌ ¸²ÊÎ ÖÌ · ¸Ìμ¦¤¥´¨Ö ³¥¦¤Ê É¥μ·¨¥° ¨ Ô±¸-
¶¥·¨³¥´Éμ³ ³μ£ÊÉ ¤μÌμ¤¨ÉÓ ¤μ 2Ä3 ¶μ·Ö¤±μ¢ ¢¥²¨Î¨´Ò. �·¨³¥·Ò · ¸Î¥É 
T1/2 ¢ QRPA-³μ¤¥²¨ [26] ¶·¨¢¥¤¥´Ò ´  ·¨¸. 2, 3. Š ± ¢¨¤´μ ¨§ ·¨¸. 2 ¨ 3,
´ ¨¡μ²ÓÏ¨¥ · ¸Ìμ¦¤¥´¨Ö ³¥¦¤Ê É¥μ·¥É¨Î¥¸±¨³¨ ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ §´ -
Î¥´¨Ö³¨ ´ ¡²Õ¤ ÕÉ¸Ö ¶·¨ ³ ²ÒÌ Qβ ¨ ¡μ²ÓÏ¨Ì T1/2. „ ´´μ¥ μ¡¸ÉμÖÉ¥²Ó¸É¢μ
¸¢Ö§ ´μ ¸ É¥³, ÎÉμ ¶·¨ ³ ²ÒÌ Qβ ¨³¥¥É¸Ö ´ ¨¡μ²ÓÏ Ö ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ ± ÉμÎ-
´μ¸É¨ · ¸Î¥Éμ¢ ¶μ²μ¦¥´¨Ö ¨ ¨´É¥´¸¨¢´μ¸É¨ ¶¨±μ¢ Sβ(E). Œ ²Ò³ §´ Î¥´¨Ö³
Qβ ¸μμÉ¢¥É¸É¢ÊÕÉ ³ ²Ò¥ §´ Î¥´¨Ö fn(Z, Qβ − E) ¨ ¡μ²ÓÏ¨¥ §´ Î¥´¨Ö T1/2.

ˆ¸¶μ²Ó§μ¢ ´¨¥ CQRPA-³μ¤¥²¨ [29, 42] Ê²ÊÎÏ ¥É ¸μ£² ¸¨¥ ¸ Ô±¸¶¥·¨³¥´-
Éμ³, μ¤´ ±μ ¢μ§³μ¦´μ¸ÉÓ · ¸Ìμ¦¤¥´¨Ö É¥μ·¥É¨Î¥¸±¨Ì · ¸Î¥Éμ¢ ¸ Ô±¸¶¥·¨³¥´-

�¨¸. 2. �É´μÏ¥´¨¥ · ¸¸Î¨É ´´ÒÌ (tcalc) ¨ ¨§³¥·¥´´ÒÌ (texp) §´ Î¥´¨° T1/2 ¶μ ¢¥É±¥
β+/EC-· ¸¶ ¤  ¢ § ¢¨¸¨³μ¸É¨ μÉ ¶μ²´μ° Ô´¥·£¨¨ β-· ¸¶ ¤  Qβ (QRPA-³μ¤¥²Ó) [26]
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�¨¸. 3. �É´μÏ¥´¨¥ · ¸¸Î¨É ´´ÒÌ (tcalc) ¨ ¨§³¥·¥´´ÒÌ (texp) §´ Î¥´¨° T1/2 ¶μ ¢¥É±¥
β+/EC-· ¸¶ ¤  ¢ § ¢¨¸¨³μ¸É¨ μÉ Ô±¸¶¥·¨³¥´É ²Ó´μ£μ (texp) §´ Î¥´¨Ö T1/2 (QRPA-
³μ¤¥²Ó) [26]

�¨¸. 4. ’¥μ·¥É¨Î¥¸±¨¥ ¨ Ô±¸¶¥·¨³¥´É ²Ó-
´Ò¥ §´ Î¥´¨Ö T1/2 ¤²Ö β−-· ¸¶ ¤  ¨§μ-
Éμ¶μ¢ ± ¤³¨Ö [29, 42]. 1 Å Ô±¸¶¥·¨³¥´-
É ²Ó´Ò¥ ¤ ´´Ò¥; 2 Å · ¸Î¥É ¶μ CQRPA-
³μ¤¥²¨, ÊÎÉ¥´Ò GT- ¨ FF-¶¥·¥Ìμ¤Ò

�¨¸. 5. ’¥μ·¥É¨Î¥¸±¨¥ ¨ Ô±¸¶¥·¨³¥´-
É ²Ó´Ò¥ §´ Î¥´¨Ö T1/2 ¤²Ö β−-· ¸¶ ¤ 
¨§μÉμ¶μ¢ μ²μ¢  [29, 42]. 1 Å · ¸-
Î¥É ¶μ RPA-³μ¤¥²¨, ÊÎÉ¥´Ò Éμ²Ó±μ GT-
¶¥·¥Ìμ¤Ò; 2 Å · ¸Î¥É ¶μ CQRPA-
³μ¤¥²¨, ÊÎÉ¥´Ò GT- ¨ FF-¶¥·¥Ìμ¤Ò; 3 Å
Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥

É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¢ ´¥¸±μ²Ó±μ · § É ±¦¥ ¸¢μ°¸É¢¥´´  ¤ ´´μ° ³μ¤¥²¨ (·¨¸. 4
¨ 5). ‚ μ¡² ¸É¨ ± ¤³¨Ö ÊÎ¥É FF-¶¥·¥Ìμ¤μ¢ Ê³¥´ÓÏ ¥É T1/2 ´¥ ¡μ²¥¥ Î¥³ ¢ 1,5Ä
2 · § . ‚ μ¡² ¸É¨ μ²μ¢  ÊÎ¥É FF-¶¥·¥Ìμ¤μ¢ · ¤¨± ²Ó´Ò³ μ¡· §μ³ Ê²ÊÎÏ ¥É
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¸μ£² ¸¨¥ É¥μ·¥É¨Î¥¸±¨Ì · ¸Î¥Éμ¢ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ [29, 42].
“Î¥É FF-¶¥·¥Ìμ¤μ¢ μ¸μ¡¥´´μ ¢ ¦¥´ ¶·¨ · ¸Î¥É Ì, ±μ£¤  ¨´É¥´¸¨¢´μ¸ÉÓ GT-
¶¥·¥Ìμ¤μ¢ ³ ²  ¶·¨ ´¥¡μ²ÓÏ¨Ì Ô´¥·£¨ÖÌ ¢μ§¡Ê¦¤¥´¨Ö, ¨ ¢ ´¨§±μÔ´¥·£¥É¨Î¥-
¸±μ° μ¡² ¸É¨.

1.3. �μ²´μÉ  ¸Ì¥³ · ¸¶ ¤ . „²Ö ·¥Ï¥´¨Ö ³´μ£¨Ì § ¤ Î ± ± ËÊ´¤ ³¥´-
É ²Ó´μ£μ, É ± ¨ ¶·¨±² ¤´μ£μ Ì · ±É¥·  ´¥μ¡Ìμ¤¨³μ ¨³¥ÉÓ ¤μ¸É ÉμÎ´μ ¶μ²´Ò¥
¸Ì¥³Ò · ¸¶ ¤   Éμ³´ÒÌ Ö¤¥·. �¸μ¡¥´´μ ÔÉμ ± ¸ ¥É¸Ö § ¤ Î · ¸Î¥É  Ô´¥·£μ¢Ò-
¤¥²¥´¨Ö ¶·¨ · ¸¶ ¤¥ Ö¤¥·, ¢±²ÕÎ Ö · ¸¶ ¤ ¶·μ¤Ê±Éμ¢ ¤¥²¥´¨Ö, μ¡· §ÊÕÐ¨Ì¸Ö
¢  Éμ³´ÒÌ ·¥ ±Éμ· Ì [40, 41, 43Ä45]. ‘ÊÐ¥¸É¢ÊÕÉ · ¸Ìμ¦¤¥´¨Ö ³¥¦¤Ê Ô±¸-
¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¨ · ¸Î¥Éμ³ Ô´¥·£μ¢Ò¤¥²¥´¨Ö μÉ · ¤¨μ ±É¨¢´μ£μ
· ¸¶ ¤  ¶·μ¤Ê±Éμ¢ ¤¥²¥´¨Ö [40, 41, 43Ä45]. �·¨³¥· É ±μ£μ · ¸Ìμ¦¤¥´¨Ö ¤²Ö
γ-· ¸¶ ¤  ¶·μ¤Ê±Éμ¢ ¤¥²¥´¨Ö 239Pu ¶μ± § ´ ´  ·¨¸. 6. �´ ²μ£¨Î´Ò¥ · ¸Ìμ-
¦¤¥´¨Ö ¨³¥ÕÉ¸Ö ¤²Ö β-· ¸¶ ¤  ¶·μ¤Ê±Éμ¢ ¤¥²¥´¨Ö 239Pu ¨ · ¸¶ ¤  ¶·μ¤Ê±Éμ¢
¤¥²¥´¨Ö 233,235,238U [40, 41, 43, 44]. “± § ´´Ò¥ · ¸Ìμ¦¤¥´¨Ö ¸¢Ö§Ò¢ ÕÉ¸Ö ¸
´¥¶μ²´μÉμ° ¸Ì¥³ · ¸¶ ¤  ¨ ¶μ£·¥Ï´μ¸ÉÖ³¨ ¢ μ¶·¥¤¥²¥´¨¨ Qβ [40, 41, 43Ä45].

‚ [39] ¸ ¶μ³μÐÓÕ TAGS ¡Ò²μ ¶μ± § ´μ, ÎÉμ ¡μ²¥¥ 50 % ¨´É¥´¸¨¢´μ¸É¨
β−-¶¥·¥Ìμ¤μ¢ ³μ¦¥É ¡ÒÉÓ ´¥ μÉμ¡· ¦¥´μ ¢ ¸Ì¥³ Ì · ¸¶ ¤  ¶·μ¤Ê±Éμ¢ ¤¥²¥-
´¨Ö. ‘¨ÉÊ Í¨Ö ¸ ´¥¶μ²´μÉμ° ¸Ì¥³ · ¸¶ ¤  É¨¶¨Î´  [45] ± ± ¤²Ö β−-, É ± ¨
¤²Ö β+/EC-· ¸¶ ¤μ¢ Ö¤¥· ¸ T1/2 < 1 Î. „²Ö ¶μ²ÊÎ¥´¨Ö ´ ¨¡μ²¥¥ Ìμ·μÏ¥£μ
¸μ£² ¸¨Ö ³¥¦¤Ê · ¸Î¥É´Ò³¨ ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶μ Ô´¥·£μ¢Ò¤¥-
²¥´¨Õ ´¥μ¡Ìμ¤¨³μ ¨³¥ÉÓ ¡μ²¥¥ ¶μ²´Ò¥ ¸Ì¥³Ò · ¸¶ ¤  Ö¤¥· ¨ ³¥Éμ¤ μÍ¥´±¨
¶μ²´μÉÒ ¸Ì¥³ · ¸¶ ¤ . Šμ³¡¨´ Í¨Ö ³¥Éμ¤μ¢ TAGS ¸ ³¥Éμ¤ ³¨ Ö¤¥·´μ° ¸¶¥±-

�¨¸. 6. ‡ ¢¨¸¨³μ¸ÉÓ ËÊ´±Í¨¨ ft(t) μÉ t ¤²Ö γ-· ¸¶ ¤  ¶·μ¤Ê±Éμ¢ ¤¥²¥´¨Ö 239Pu, £¤¥
f(t) Å Ô´¥·£μ¢Ò¤¥²¥´¨¥, t Å ¢·¥³Ö ¶μ¸²¥ ¤¥²¥´¨Ö [43], Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨ · ¸-
Î¥É´Ò¥ ¤ ´´Ò¥. � ¸Î¥ÉÒ ¶·μ¢¥¤¥´Ò ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ · §²¨Î´ÒÌ ¡ § ¤ ´´ÒÌ [43].
‡ ³¥É´μ · §²¨Î¨¥ ³¥¦¤Ê · ¸Î¥É´Ò³¨ ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¢ μ¡² ¸É¨ μÉ
300 ¤μ 3000 ¸
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É·μ¸±μ¶¨¨ ¢Ò¸μ±μ£μ · §·¥Ï¥´¨Ö ¶μ§¢μ²Ö¥É ÔËË¥±É¨¢´μ ¢ÒÖ¢²ÖÉÓ ¸É¥¶¥´Ó ´¥-
¶μ²´μÉÒ ¸Ì¥³ · ¸¶ ¤  [34, 45Ä47] ¨ ¶·μ¢μ¤¨ÉÓ ¨§³¥·¥´¨Ö Qβ ¸ ÉμÎ´μ¸ÉÓÕ
¤μ 20 ±Ô‚ [48]. Š·¨É¥·¨¥³ ¤μ¸É ÉμÎ´μ° ¶μ²´μÉÒ ¸Ì¥³Ò · ¸¶ ¤  Ö¢²Ö¥É¸Ö
¸μ¢¶ ¤¥´¨¥, ¢ ¶·¥¤¥² Ì Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¶μ£·¥Ï´μ¸É¥°, ¸¨²μ¢ÒÌ ËÊ´±Í¨°
Sβ(E), ¶μ²ÊÎ¥´´ÒÌ ¸ ¶μ³μÐÓÕ TAGS-³¥Éμ¤μ¢ ¨ ³¥Éμ¤μ¢ Ö¤¥·´μ° ¸¶¥±É·μ-
¸±μ¶¨¨ ¢Ò¸μ±μ£μ · §·¥Ï¥´¨Ö [34, 45, 47].

1.4. ‚²¨Ö´¨¥ ¸É·Ê±ÉÊ·Ò Sβ(E) ´  ¢¥·μÖÉ´μ¸ÉÓ § ¶ §¤Ò¢ ÕÐ¨Ì ¶·μÍ¥¸-
¸μ¢. ‚¥·μÖÉ´μ¸ÉÓ β-§ ¶ §¤Ò¢ ÕÐ¨Ì ¶·μÍ¥¸¸μ¢ Pβd μ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³
μ¡· §μ³ [2, 49Ä51]:

Pβd =

Qβ∫
0

Sβ(E)f(Qβ − E)Γd(E)/Γtot(E) dE

Qβ∫
0

Sβ(E)f(Qβ − E) dE

, (27)

£¤¥ Γd(E) Å Ï¨·¨´  § ¶ §¤Ò¢ ÕÐ¥£μ ¶·μÍ¥¸¸ ; Γtot(E) Å ¶μ²´ Ö Ï¨·¨´ .
�μ¸±μ²Ó±Ê ¤²Ö · ¸Î¥Éμ¢ ¢¥²¨Î¨´Ò Pβd ´¥μ¡Ìμ¤¨³μ §´ ÉÓ Ô´¥·£¨¨ ¨ μÉ-

´μ¸¨É¥²Ó´Ò¥ ¨´É¥´¸¨¢´μ¸É¨ ¶¨±μ¢ ¢ Sβ(E), ¢μ ³´μ£¨Ì ¸²ÊÎ ÖÌ É¥μ·¨Ö ¤ ¥É
¤μ¸É ÉμÎ´μ ±μ··¥±É´Ò¥ §´ Î¥´¨Ö Pβd. �¤´ ±μ ¢ ¸²ÊÎ ¥, ±μ£¤  ¢ Ô´¥·£¥É¨Î¥-
¸±¨ · §·¥Ï¥´´ÊÕ μ¡² ¸ÉÓ Qβ ¶μ¶ ¤ ¥É ²¨ÏÓ ®Ì¢μ¸É¯ μÉ ¶¨±  Sβ(E), · ¸Î¥É
¤ ¥É ±μ··¥±É´Ò° ·¥§Ê²ÓÉ É Éμ²Ó±μ ¶·¨ ÊÎ¥É¥ Éμ´±μ° ¸É·Ê±ÉÊ·Ò Sβ(E) [52].
�·¨ ÔÉμ³ μ¸μ¡¥´´μ ¸ÊÐ¥¸É¢¥´´  μ¡² ¸ÉÓ Ô´¥·£¨° ¢μ§¡Ê¦¤¥´¨Ö ¢ ¤μÎ¥·´¥³
Ö¤·¥ [52] δ = Qβ−Eth, £¤¥ Eth = EII ¤²Ö § ¶ §¤Ò¢ ÕÐ¥£μ ¤¥²¥´¨Ö, Eth = Bn

¤²Ö § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢, Eth = Bp +(Ep0)+q ¤²Ö § ¶ §¤Ò¢ ÕÐ¨Ì ¶·μ-
Éμ´μ¢, EII Å Ô´¥·£¨Ö ³¨´¨³Ê³  ¢μ ¢Éμ·μ° ¶μÉ¥´Í¨ ²Ó´μ° Ö³¥ ¤²Ö ¤¢Ê£μ·¡μ£μ
¡ ·Ó¥·  ¤¥²¥´¨Ö, Bn Å Ô´¥·£¨Ö ¸¢Ö§¨ ´¥°É·μ´ , Bp Å Ô´¥·£¨Ö ¸¢Ö§¨ ¶·μÉμ´ ,
Ep0 Å Ô´¥·£¨Ö ¢μ§¡Ê¦¤¥´¨Ö, ¶·¨ ±μÉμ·μ° ¢¥·μÖÉ´μ¸ÉÓ ¨¸¶Ê¸± ´¨Ö ¶·μÉμ´ 
¸· ¢´¨³  ¸ ¢¥·μÖÉ´μ¸ÉÓÕ £ ³³ -¨§²ÊÎ¥´¨Ö, q ≈ 1−2 ŒÔ‚. ˆÉ ±,

Pβd ≈

Qβ∫
Eth

Sβ(E)f(Qβ − E)Γd(E)/Γtot(E) dE

Qβ∫
0

Sβ(E)f(Qβ − E) dE

. (28)

„²Ö ¢¥·μÖÉ´μ¸É¨ § ¶ §¤Ò¢ ÕÐ¥£μ ¤¥²¥´¨Ö, § ¶ §¤Ò¢ ÕÐ¨Ì ¶·μÉμ´μ¢ ¨
 ²ÓË -Î ¸É¨Í Î·¥§¢ÒÎ °´μ ¸ÊÐ¥¸É¢¥´´  ¸É·Ê±ÉÊ·  Sβ(E) ¢ μ¡² ¸É¨ Ô´¥·£¨°
¢μ§¡Ê¦¤¥´¨Ö δ = Qβ − Eth. „²Ö ¢¥·μÖÉ´μ¸É¨ ¨¸¶Ê¸± ´¨Ö § ¶ §¤Ò¢ ÕÐ¨Ì
´¥°É·μ´μ¢ ¸ÊÐ¥¸É¢¥´´μ ¨´É¥£· ²Ó´μ¥ §´ Î¥´¨¥ Sβ(E) ¢ μ¡² ¸É¨ Qβ − Eth.
…¸É¥¸É¢¥´´μ, ¶·¨  ´ ²¨§¥ ¸¶¥±É·μ¢ § ¶ §¤Ò¢ ÕÐ¨Ì Î ¸É¨Í ¢μ ¢¸¥Ì ¸²ÊÎ ÖÌ
¸ÊÐ¥¸É¢¥´´  ¸É·Ê±ÉÊ·  Sβ(E).

‚ ¸²ÊÎ ¥, ±μ£¤  ¶¨± Sβ(E) · ¸¶μ²μ¦¥´ ¢¡²¨§¨ Qβ (·¨¸. 7, a) ¨²¨ Eth

(·¨¸. 7, ¡), ¢¥¸Ó³  ¢ ¦´  ¨´Ëμ·³ Í¨Ö μ Éμ´±μ° ¸É·Ê±ÉÊ·¥ Sβ(E) ¤²Ö ±μ··¥±É-
´μ£μ ¢ÒÎ¨¸²¥´¨Ö ¢¥²¨Î¨´Ò Pβd.
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�¨¸. 7. � §²¨Î´Ò¥ ¢ ·¨ ´ÉÒ ¶μ²μ¦¥´¨Ö ¶¨±  Sβ(E) ¢ μ¡² ¸É¨ Ô´¥·£¨° δ = Qβ −
Eth [52]

„²Ö ¶·μÍ¥¸¸μ¢ ¨¸¶Ê¸± ´¨Ö § ¶ §¤Ò¢ ÕÐ¨Ì ¶·μÉμ´μ¢, § ¶ §¤Ò¢ ÕÐ¨Ì
 ²ÓË -Î ¸É¨Í, § ¶ §¤Ò¢ ÕÐ¥£μ ¤¥²¥´¨Ö (27), (28), ±μ£¤  Ô´¥·£¥É¨Î¥¸± Ö § -
¢¨¸¨³μ¸ÉÓ ËÊ´±Í¨¨ Γd(E)/Γtot(E) ¡μ²¥¥ ¸¨²Ó´ Ö, Î¥³ Ô´¥·£¥É¨Î¥¸± Ö § ¢¨-
¸¨³μ¸ÉÓ ËÊ´±Í¨¨ f(Qβ −E), §´ Î¥´¨¥ Pβd Ê¢¥²¨Î¨¢ ¥É¸Ö, ±μ£¤  ¶¨± ¢ Sβ(E)
´ Ìμ¤¨É¸Ö ¢ μ¡² ¸É¨ Ô´¥·£¨° QEC ¤²Ö β+/EC-· ¸¶ ¤  ¨²¨ Qβ (·¨¸. 7, a) ¤²Ö
β−-· ¸¶ ¤ . ‚ ÔÉμ³ ¸²ÊÎ ¥ ¸É É¨¸É¨Î¥¸± Ö É¥μ·¨Ö [52], ¢ ±μÉμ·μ° ¶μ² £ -
¥É¸Ö, ÎÉμ Sβ(E) ∼ ρ(E), £¤¥ ρ(E) Å ¶²μÉ´μ¸ÉÓ Ê·μ¢´¥° ¤μÎ¥·´¥£μ Ö¤· ,
³μ¦¥É ¸²ÊÎ °´μ ¤ ¢ ÉÓ ¤μ¸É ÉμÎ´μ Ìμ·μÏμ ¸μ¢¶ ¤ ÕÐ¨¥ ¸ Ô±¸¶¥·¨³¥´É ²Ó-
´Ò³¨ §´ Î¥´¨Ö Pβd. � §Ê³¥¥É¸Ö, ¤²Ö ±μ··¥±É´μ£μ · ¸Î¥É  Pβd ´¥μ¡Ìμ¤¨³μ
¶·¨³¥´ÖÉÓ ´¥¸É É¨¸É¨Î¥¸±¨¥ ¶μ¤Ìμ¤Ò, ÊÎ¨ÉÒ¢ ÕÐ¨¥ ¸É·Ê±ÉÊ·Ê Sβ(E).

„²Ö ¨¸¶Ê¸± ´¨Ö § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ ¶·¨ E > Bn § ¢¨¸¨³μ¸ÉÓ μÉ
Ô´¥·£¨¨ ËÊ´±Í¨¨ f(Qβ − E) ³μ¦¥É μ± § ÉÓ¸Ö ¡μ²¥¥ ¸¨²Ó´μ°, Î¥³ ËÊ´±Í¨¨
Γd(E)/Γtot(E), ¨ ¢¥²¨Î¨´  Pβd Ê¢¥²¨Î¨É¸Ö ¶·¨ ¸³¥Ð¥´¨¨ ¶¨±  Sβ(E) ¢
μ¡² ¸ÉÓ Ô´¥·£¨° E ∼ Bn (·¨¸. 7, ¡).

„²Ö GT β−-· ¸¶ ¤  ´¥°É·μ´´μ-¨§¡ÒÉμÎ´ÒÌ Ö¤¥· ¤¢  É¨¶  ¶¨±μ¢ ¢ Sβ(E)
¨£· ÕÉ ¸ÊÐ¥¸É¢¥´´ÊÕ ·μ²Ó. �¤¨´ É¨¶ ¸¢Ö§ ´ ¸ ±μ´Ë¨£Ê· Í¨Ö³¨ É¨¶  μ¡· É-
´Ò° ¸¶¨´-Ë²¨¶ (BSF, ·¨¸. 1, É ¡². 1), ¢Éμ·μ° Å ¸ ±μ´Ë¨£Ê· Í¨Ö³¨ É¨¶  ¶μ-
²Ö·¨§ Í¨Ö μ¸Éμ¢  (CP, ·¨¸. 1, É ¡². 1). CP-¶¨± ¸μμÉ¢¥É¸É¢Ê¥É ¸¨ÉÊ Í¨¨, ¨§μ-
¡· ¦¥´´μ° ´  ·¨¸. 7, a, BSF-¶¨± ¸μμÉ¢¥É¸É¢Ê¥É ¸¨ÉÊ Í¨¨ ´  ·¨¸. 7, ¡.

‡ ¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥´¨¥, É. ¥. ¤¥²¥´¨¥ Ö¤¥· ¶μ¸²¥ β-· ¸¶ ¤ , Ö¢²Ö¥É¸Ö Ê´¨-
± ²Ó´Ò³ ¸·¥¤¸É¢μ³ ¨§ÊÎ¥´¨Ö ¡ ·Ó¥·μ¢ ¤¥²¥´¨Ö ¤²Ö Ö¤¥·, Ê¤ ²¥´´ÒÌ μÉ ¶μ²μ¸Ò
β-¸É ¡¨²Ó´μ¸É¨. �¤´ ±μ ¤²Ö Éμ£μ ÎÉμ¡Ò ¶μ²ÊÎ¨ÉÓ ¨´Ëμ·³ Í¨Õ μ ¡ ·Ó¥·¥ ¤¥-
²¥´¨Ö, ´¥μ¡Ìμ¤¨³μ §´ ÉÓ Ëμ·³Ê Sβ(E) [1].

�μ³¨³μ Sβ(E) ¢¥·μÖÉ´μ¸ÉÓ § ¶ §¤Ò¢ ÕÐ¥£μ ¶·μÍ¥¸¸  μ¶·¥¤¥²Ö¥É¸Ö μÉ-
´μÏ¥´¨¥³ Ï¨·¨´ Γd(E)/Γtot(E). ‘¶¥±É· § ¶ §¤Ò¢ ÕÐ¨Ì Î ¸É¨Í § ¢¨¸¨É μÉ
¸É·Ê±ÉÊ·Ò ¸μ¸ÉμÖ´¨° Ö¤¥·, § ¸¥²Ö¥³ÒÌ ¶·¨ β-· ¸¶ ¤¥, ¨ ¸É·Ê±ÉÊ·Ò ¸μ¸ÉμÖ´¨°,
§ ¸¥²Ö¥³ÒÌ ¶μ¸²¥ § ¶ §¤Ò¢ ÕÐ¥£μ ¶·μÍ¥¸¸  [2, 3]. ‘¶¥±É·Ò § ¶ §¤Ò¢ ÕÐ¨Ì
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Î ¸É¨Í μ¶·¥¤¥²ÖÕÉ¸Ö ± ± Ëμ·³μ° ¨ ¸É·Ê±ÉÊ·μ° ¸¨²μ¢μ° ËÊ´±Í¨¨ β-¶¥·¥Ìμ¤μ¢
Sβ(E), É ± ¨ ¢¥·μÖÉ´μ¸ÉÓÕ ¨¸¶Ê¸± ´¨Ö § ¶ §¤Ò¢ ÕÐ¨Ì Î ¸É¨Í ¨§ § ¸¥²¥´´ÒÌ
¸μ¸ÉμÖ´¨° ¨²¨ μÉ´μÏ¥´¨¥³ Γd(E)/Γtot(E). � ¶·¨³¥·, ¶·¨ GT β−-· ¸¶ ¤¥
Ö¤·  135Sb § ¸¥²ÖÕÉ¸Ö É·¥Ì±¢ §¨Î ¸É¨Î´Ò¥ ¸μ¸ÉμÖ´¨Ö ¢ Ö¤·¥ 135Te. �¥·¥Ìμ¤ ¢
μ¸´μ¢´μ¥ ¸μ¸ÉμÖ´¨¥ Î¥É´μ-Î¥É´μ£μ Ö¤·  134Te c ¨¸¶Ê¸± ´¨¥³ § ¶ §¤Ò¢ ÕÐ¨Ì
´¥°É·μ´μ¢ ¨§ É·¥Ì±¢ §¨Î ¸É¨Î´ÒÌ ¸μ¸ÉμÖ´¨° 135Te § ¶·¥Ð¥´, ¥¸²¨ ¶μ² £ ÉÓ
μ¸´μ¢´μ¥ ¸μ¸ÉμÖ´¨¥ Ö¤·  134Te ±¢ §¨Î ¸É¨Î´Ò³ ¢ ±ÊÊ³μ³ [2, 53]. ‚ Éμ ¦¥
¢·¥³Ö ¨¸¶Ê¸± ´¨¥ § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ ¸ ¢μ§¡Ê¦¤¥´¨¥³ 2+-¸μ¸ÉμÖ´¨Ö ¢
134Te · §·¥Ï¥´μ ¢¸²¥¤¸É¢¨¥ · §²¨Î´μ° ¸É·Ê±ÉÊ·Ò μ¸´μ¢´μ£μ ¨ ¢μ§¡Ê¦¤¥´´μ£μ
¸μ¸ÉμÖ´¨°. „ ´´Ò° ¢Ò¢μ¤ ¶μ¤É¢¥·¦¤ ¥É¸Ö Ô±¸¶¥·¨³¥´É ²Ó´μ: ¤²Ö ¢¸¥Ì ¸μ¸Éμ-
Ö´¨°, § ¸¥²Ö¥³ÒÌ ¶·¨ β−-· ¸¶ ¤¥ 135Sb, ´¥°É·μ´´Ò° · ¸¶ ¤ ´  μ¸´μ¢´μ¥
¸μ¸ÉμÖ´¨¥ 134Te § ¶·¥Ð¥´ ¢ 30Ä40 · §. �μÔÉμ³Ê ¶·¨³¥´¥´¨¥ ¸É É¨¸É¨Î¥¸±¨Ì
³¥Éμ¤μ¢ ± · ¸Î¥ÉÊ μÉ´μÏ¥´¨Ö Ï¨·¨´ Γd(E)/Γtot(E) ¢ Ëμ·³Ê²¥ (28) ³μ¦´μ
¨¸¶μ²Ó§μ¢ ÉÓ ²¨ÏÓ ¢ ± Î¥¸É¢¥ ´¥±μ¥£μ ¶·¨¡²¨¦¥´¨Ö [2, 3].

�¡ÒÎ´μ ¶·¨ ¨¸¸²¥¤μ¢ ´¨¨ § ¶ §¤Ò¢ ÕÐ¨Ì ¶·μÍ¥¸¸μ¢ ÊÎ¨ÉÒ¢ ¥É¸Ö ·¥§μ-
´ ´¸´Ò° Ì · ±É¥· Sβ(E) ¤²Ö ¶¥·¥Ìμ¤μ¢ ƒ ³μ¢ Ä’¥²²¥· . �¤´ ±μ ¢ ¶μ¸²¥¤´¨¥
£μ¤Ò ¶μÖ¢¨²¨¸Ó Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ μ ·¥§μ´ ´¸´μ³ Ì · ±É¥·¥ Sβ(E)
¤²Ö ¶¥·¥Ìμ¤μ¢ ¶¥·¢μ£μ ¶μ·Ö¤±  § ¶·¥É  [21]. ‚²¨Ö´¨¥ ·¥§μ´ ´¸´μ£μ Ì · ±É¥· 
Sβ(E) ¡¥É -¶¥·¥Ìμ¤μ¢ ¶¥·¢μ£μ ¶μ·Ö¤±  § ¶·¥É  ´  ¢¥·μÖÉ´μ¸ÉÓ § ¶ §¤Ò¢ Õ-
Ð¨Ì ¶·μÍ¥¸¸μ¢ μ¸É ¥É¸Ö ³ ²μ¨¸¸²¥¤μ¢ ´´μ° μ¡² ¸ÉÓÕ.

2. ‡���‡„›‚��™…… „…‹…�ˆ…

‘Ì¥³  § ¶ §¤Ò¢ ÕÐ¥£μ ¤¥²¥´¨Ö (¤¥²¥´¨Ö ¶μ¸²¥ β-· ¸¶ ¤  [49]) ¶·¨¢¥¤¥´ 
´  ·¨¸. 8. �·¨ ¨§ÊÎ¥´¨¨ § ¶ §¤Ò¢ ÕÐ¥£μ ¤¥²¥´¨Ö ³μ¦´μ ¶μ²ÊÎ ÉÓ ¨´Ëμ·³ -
Í¨Õ μ ¡ ·Ó¥· Ì ¤¥²¥´¨Ö Ö¤¥·, ¤μ¸É ÉμÎ´μ Ê¤ ²¥´´ÒÌ μÉ ¶μ²μ¸Ò ¸É ¡¨²Ó´μ¸É¨.
‚¥·μÖÉ´μ¸ÉÓ § ¶ §¤Ò¢ ÕÐ¥£μ ¤¥²¥´¨Ö (27), (28) ¸ÊÐ¥¸É¢¥´´Ò³ μ¡· §μ³ § ¢¨-
¸¨É μÉ ¸É·Ê±ÉÊ·Ò ¸¨²μ¢μ° ËÊ´±Í¨¨ β-¶¥·¥Ìμ¤μ¢.

�¨¸. 8. ‘Ì¥³  β-§ ¶ §¤Ò¢ ÕÐ¥£μ ¤¥²¥´¨Ö (βdf) Ö¤¥·. “± § ´Ò ¢Ò¸μÉÒ ¢´ÊÉ·¥´´¥£μ (�)
¨ ¢´¥Ï´¥£μ (‚) ¡ ·Ó¥·μ¢ ¤¥²¥´¨Ö ¤μÎ¥·´¥£μ Ö¤· 
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�¥·¢Ò¥ ¨¸¸²¥¤μ¢ ´¨Ö ¢²¨Ö´¨Ö ¸É·Ê±ÉÊ·Ò ¸¨²μ¢μ° ËÊ´±Í¨¨ β-¶¥·¥Ìμ¤μ¢
´  ¢¥·μÖÉ´μ¸ÉÓ § ¶ §¤Ò¢ ÕÐ¥£μ ¤¥²¥´¨Ö ¡Ò²¨ ¶·μ¢¥¤¥´Ò ¢ · ¡μÉ¥ [1]. ‡ É¥³
· §¢¨ÉÒ° ¢ · ¡μÉ¥ [1] ³¥Éμ¤ μ¶¨¸ ´¨Ö § ¶ §¤Ò¢ ÕÐ¨Ì ¶·μÍ¥¸¸μ¢ ¸ ÊÎ¥Éμ³
¸É·Ê±ÉÊ·Ò Sβ(E) ¡Ò² ¶·¨³¥´¥´ ±  ´ ²¨§Ê § ¶ §¤Ò¢ ÕÐ¥£μ ¤¥²¥´¨Ö Ï¨·μ±μ£μ
±·Ê£  Ö¤¥· [2Ä4, 54Ä60].

2.1. ‘¨²μ¢Ò¥ ËÊ´±Í¨¨ β−- ¨ β+/EC-· ¸¶ ¤μ¢ ¨ § ¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥-
´¨¥  ±É¨´¨¤´ÒÌ Ö¤¥·. ˆ³¥´´μ ÊÎ¥É ¸É·Ê±ÉÊ·Ò Sβ(E) ¶μ§¢μ²¨² ¢¶¥·¢Ò¥
±μ··¥±É´μ μ¶¨¸ ÉÓ ¶·μÍ¥¸¸ § ¶ §¤Ò¢ ÕÐ¥£μ ¤¥²¥´¨Ö ¤²Ö 236,238U [1], 232Pu,
240Cm, 244,248Cf, 248Fm [2, 55] ¨ ·Ö¤  ¤·Ê£¨Ì Ö¤¥· [56Ä60].

‡ ¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥´¨¥ 236,238U [61Ä63] ¶·μ¨¸Ìμ¤¨É ¶μ¸²¥ β-· ¸¶ ¤ 
236,238Pa. � ¸Î¥É Sβ(E) ¤²Ö 236,238Pa ¶·μ¢¥¤¥´ [1] ¢ · ³± Ì μ¡μ²μÎ¥Î´μ° ³μ-
¤¥²¨ ¸ ÊÎ¥Éμ³ μ¸É ÉμÎ´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ƒ ³μ¢ Ä’¥²²¥·  ¢ ¶·¨¡²¨¦¥´¨¨
’ ³³ Ä„ ´±μ¢  (TDA-³μ¤¥²Ó). �¸´μ¢´ Ö ¸¨²  β-¶¥·¥Ìμ¤μ¢ (·¨¸. 1 ¨ 9) ¸μ-
¸·¥¤μÉμÎ¥´  ¢ £¨£ ´É¸±μ³ ·¥§μ´ ´¸¥ ƒ ³μ¢ Ä’¥²²¥· , · ¸¶μ²μ¦¥´´μ³ ¢¡²¨§¨
¨§μ¡ ·- ´ ²μ£μ¢μ£μ ¸μ¸ÉμÖ´¨Ö. �·¨ Ô´¥·£¨ÖÌ ´  7Ä8 ŒÔ‚ ´¨¦¥  ´ ²μ£  ¢
Ö¤· Ì 236U ¨ 238U ´ ¡²Õ¤ ¥É¸Ö ¢Éμ·μ° ³ ±¸¨³Ê³, μ¡Ê¸²μ¢²¥´´Ò° ¶¥·¥Ìμ¤ ³¨
É¨¶  ¸¶¨´-Ë²¨¶ ¨ ¶μ²Ö·¨§ Í¨Ö μ¸Éμ¢ . �·¨ Ô´¥·£¨ÖÌ ¶·¨³¥·´μ ´  18 ŒÔ‚
´¨¦¥  ´ ²μ£  ¶μÖ¢²Ö¥É¸Ö ³ ±¸¨³Ê³, μ¡Ê¸²μ¢²¥´´Ò° ¶¥·¥Ìμ¤ ³¨ É¨¶  μ¡· É-
´Ò° ¸¶¨´-Ë²¨¶ (·¨¸. 1, É ¡². 1, ·¨¸. 9), μ´¨ ¨ ¢´μ¸ÖÉ μ¸´μ¢´μ° ¢±² ¤ ¢ ¢¥·μ-
ÖÉ´μ¸ÉÓ § ¶ §¤Ò¢ ÕÐ¥£μ ¤¥²¥´¨Ö 236,238U.

‚ É ¡². 2 ¶·¨¢¥¤¥´Ò · ¸¸Î¨É ´´Ò¥ §´ Î¥´¨Ö [1] ¢¥·μÖÉ´μ¸É¥° § ¶ §¤Ò-
¢ ÕÐ¥£μ ¤¥²¥´¨Ö Pβdf ¶·¨ · §²¨Î´ÒÌ ¶·¥¤¶μ²μ¦¥´¨ÖÌ μ Sβ(E) ¨ Ô±¸¶¥·¨-
³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ [61Ä63]. � ¸Î¥É Pβdf ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ¸É É¨¸É¨Î¥¸±¨Ì
³μ¤¥²¥° ¤²Ö ¸¨²μ¢μ° ËÊ´±Í¨¨ β-· ¸¶ ¤  Sβ(E) = const ¶·¨¢μ¤¨É ± §´ -
Î¥´¨Ö³ Pβdf , ´  2Ä3 ¶μ·Ö¤±  ¶·¥¢ÒÏ ÕÐ¨³ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¢¥²¨Î¨´Ò,
  ¢ ¸²ÊÎ ¥ ¶·μ¶μ·Í¨μ´ ²Ó´μ¸É¨ ¸¨²μ¢μ° ËÊ´±Í¨¨ ¶²μÉ´μ¸É¨ Ê·μ¢´¥° Ö¤· 
Sβ(E) ∼ ρ(E) ¶·¥¢ÒÏ¥´¨¥ ¸μ¸É ¢²Ö¥É 5Ä6 ¶μ·Ö¤±μ¢ ¤²Ö 236U ¨ 238U.

’ ±¨³ μ¡· §μ³, ¤²Ö § ¶ §¤Ò¢ ÕÐ¥£μ ¤¥²¥´¨Ö 236U ¨ 238U ¶·¥¤¶μ²μ¦¥´¨Ö,
¨¸¶μ²Ó§Ê¥³Ò¥ ¢ ¸É É¨¸É¨Î¥¸±¨Ì ³μ¤¥²ÖÌ: Sβ(E) = const ¨ Sβ(E) ∼ ρ(E),
¤ ÕÉ §´ Î¥´¨Ö Pβdf , §´ Î¨É¥²Ó´μ ¶·¥¢ÒÏ ÕÐ¨¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥, ¢
Éμ ¢·¥³Ö ± ± ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ´¥¸É É¨¸É¨Î¥¸±μ° Sβ(E), ¢ ±μÉμ·μ° ¤μ²¦´Ò³

’ ¡²¨Í  2. ‚¥·μÖÉ´μ¸É¨ § ¶ §¤Ò¢ ÕÐ¥£μ ¤¥²¥´¨Ö Pβdf ¤²Ö 236U, 238U: Ô±¸¶¥·¨-
³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö ¨ · ¸¸Î¨É ´´Ò¥ ¶·¨ · §²¨Î´ÒÌ ¶·¥¤¶μ²μ¦¥´¨ÖÌ μ ¸¨²μ¢ÒÌ
ËÊ´±Í¨ÖÌ β-· ¸¶ ¤ 

Ÿ¤·μ
Pβdf ¶·¨ · §²¨Î´μ³ ¢Ò¡μ·¥ Sβ �±¸¶¥·¨³¥´É

Sβ = const Sβ ∼ ρ(E) TDA-³μ¤¥²Ó
236U 6 · 10−7 6 · 10−4 10−12 10−9

238U 2 · 10−5 10−2 10−8 10−8
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�¨¸. 9. ‘¨²μ¢ Ö ËÊ´±Í¨Ö Sβ(E) ¤²Ö β−-· ¸¶ ¤  238Pa ( ), 236Pa (¡) ¨ ¡ ·Ó¥·Ò ¤¥²¥´¨Ö
236,238U. B(M1, σ) = 11000/[(T + 3/2)ft] = const Sβ(E), £¤¥ T Å ¨§μ¸¶¨´ μ¸´μ¢-
´μ£μ ¸μ¸ÉμÖ´¨Ö ¤μÎ¥·´¥£μ Ö¤· , B(M1, σ) ¢ ¥¤¨´¨Í Ì μ2

0 (μ0 Å Ö¤¥·´Ò° ³ £´¥Éμ´),
ft ¢ ¸¥±Ê´¤ Ì

μ¡· §μ³ μÉ· ¦¥´Ò ÔËË¥±ÉÒ ¸É·Ê±ÉÊ·Ò  Éμ³´μ£μ Ö¤· , ´ ¡²Õ¤ ¥É¸Ö Ìμ·μÏ¥¥
¸μ£² ¸¨¥ ¸ Ô±¸¶¥·¨³¥´Éμ³ ¤²Ö 238U. � ¸Î¥É ¶·¥¤¸± §Ò¢ ¥É Ê³¥´ÓÏ¥´¨¥ Pβdf

¶·¨ ¶¥·¥Ìμ¤¥ μÉ 238U ± 236U, ÎÉμ É ±¦¥ ¸μμÉ¢¥É¸É¢Ê¥É Ô±¸¶¥·¨³¥´É ²Ó´Ò³
¤ ´´Ò³.

‚ · ¡μÉ¥ [64] ¨¸¸²¥¤μ¢ ´μ § ¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥´¨¥ 256Fm ¶μ¸²¥ β−-
· ¸¶ ¤  256mEs. �±¸¶¥·¨³¥´É ²Ó´μ Ê¸É ´μ¢²¥´μ, ÎÉμ § ¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥-
´¨¥ £² ¢´Ò³ μ¡· §μ³ ¶·μ¨¸Ìμ¤¨É ¶μ¸²¥ β−-· ¸¶ ¤  ´  Ê·μ¢¥´Ó ¸ Ô´¥·£¨¥°
¢μ§¡Ê¦¤¥´¨Ö E = 1425 ±Ô‚, É. ¥. Ô±¸¶¥·¨³¥´É ²Ó´μ μ¡´ ·Ê¦¥´μ ¶·μÖ¢²¥´¨¥
·¥§μ´ ´¸´μ° ¸É·Ê±ÉÊ·Ò Sβ(E) ¢ § ¶ §¤Ò¢ ÕÐ¥³ ¤¥²¥´¨¨. � ¸Î¥ÉÒ [3] É ±¦¥
¶·¥¤¸± §Ò¢ ÕÉ ´ ²¨Î¨¥ ·¥§μ´ ´¸  ¢ Sβ(E) ¶·¨ Ô´¥·£¨¨ ¢μ§¡Ê¦¤¥´¨Ö μ±μ²μ
1,5 ŒÔ‚.



1824 ˆ‡�‘ˆŒ�‚ ˆ.�., Š�‹ˆ��ˆŠ�‚ ‚. ƒ., ‘�‹�›˜Šˆ� �.�.

„ ´´Ò¥ [65, 66] ¶μ § ¶ §¤Ò¢ ÕÐ¥³Ê ¤¥²¥´¨Õ 232Pu ¶μ¸²¥ β+/EC-· ¸¶ ¤ 
232Am ¡Ò²¨ ¨¸¶μ²Ó§μ¢ ´Ò ¢ [66] ¤²Ö μ¶·¥¤¥²¥´¨Ö ¢´ÊÉ·¥´´¥£μ ¡ ·Ó¥·  (¡ -
·Ó¥·  A ´  ·¨¸. 8) ¤¥²¥´¨Ö Ö¤·  232Pu. �¥§Ê²ÓÉ ÉÒ · ¡μÉÒ [66] ¶·¨ ¨¸¶μ²Ó-
§μ¢ ´¨¨ Sβ(E) = const ¤ ²¨ §´ Î¥´¨¥ ¢¥²¨Î¨´Ò ¡ ·Ó¥·  ¤¥²¥´¨Ö ´  2 ŒÔ‚
¢ÒÏ¥, Î¥³ ¶·¥¤¸± §Ò¢ ²¨ · ¸Î¥ÉÒ ¶μ ³¥Éμ¤Ê ‘É·ÊÉ¨´¸±μ£μ [67]. �  μ¸´μ-
¢ ´¨¨ ÔÉμ£μ ¢ · ¡μÉ¥ [66] ¤¥² ²¸Ö ¢Ò¢μ¤ μ ´¥¸μμÉ¢¥É¸É¢¨¨ ®Ô±¸¶¥·¨³¥´É ²Ó-
´μ£μ¯ ¨ É¥μ·¥É¨Î¥¸±μ£μ §´ Î¥´¨° ¡ ·Ó¥·μ¢ ¤¥²¥´¨Ö ¤²Ö 232Pu. �¤´ ±μ, ± ±

�¨¸. 10. ‘É·Ê±ÉÊ·  ¸¨²μ¢ÒÌ ËÊ´±Í¨° β+/EC-· ¸¶ ¤  232Am, 240Bk, 244,248Es, 248Md
¨ ¡ ·Ó¥·Ò ¤¥²¥´¨Ö 232Pu ( ), 240Cm (¡), 244Cf (¢), 248Cf (£), 248Fm (¤). ‡´ Î¥´¨Ö
¶μ²´ÒÌ Ô´¥·£¨° …‘-· ¸¶ ¤  ¢ÒÎ¨¸²¥´Ò ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ³ ¸¸μ¢ÒÌ Ëμ·³Ê² ƒ ·¢¨Ä
Š¥²¸μ´  [70] ¨ Ê± § ´Ò ¸É·¥²±μ°
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’ ¡²¨Í  3. 	±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨ É¥μ·¥É¨Î¥¸±¨¥ §´ Î¥´¨Ö ¢¥·μÖÉ´μ¸É¥° § ¶ §¤Ò-
¢ ÕÐ¥£μ ¤¥²¥´¨Ö Pβdf ¤²Ö Ö¤¥· 232Pu, 244,248Cf, 248Fm, 240Cm

Ÿ¤·μ
EA(S), EB(S), ωA, ωB , Qβ ,

P exp
βdf P th

βdf
ŒÔ‚ ŒÔ‚ ŒÔ‚ ŒÔ‚ ŒÔ‚

232Pu 4,0 4,2 0,9 0,6 5,2 13+4
−0,8 · 10−2 5 · 10−2

244Cf 5,3 2,8 0,9 0,6 4,5 5 · 10−4 4 · 10−4

248Fm 5,7 1,8 0,9 0,6 5,2 3 · 10−3 2 · 10−3

248Cf 5,7 3,3 0,9 0,6 2,9 < 10−7 2 · 10−7

240Cm 5,2 3,7 0,9 0,6 3,9 10−5 9 · 10−7

�·¨³¥Î ´¨¥. 	 ·Ó¥·Ò ¤¥²¥´¨Ö · ¸¸Î¨É ´Ò ¶μ ³¥Éμ¤Ê ‘É·ÊÉ¨´¸±μ£μ (S). �·¨ ¢ÒÎ¨¸²¥-
´¨¨ Pβdf ¨¸¶μ²Ó§μ¢ ²¨¸Ó ´¥¸É É¨¸É¨Î¥¸±¨¥ ¸¨²μ¢Ò¥ ËÊ´±Í¨¨ β+/EC-· ¸¶ ¤ , · ¸¸Î¨É ´-
´Ò¥ ¢ TDA-³μ¤¥²¨.

¡Ò²μ ¶μ± § ´μ ¢ [55], ¢Ò¡μ· Sβ(E) = const ´¥ μ¡μ¸´μ¢ ´ ¨ ´¥ μÉ· ¦ ¥É ¸¶¥-
Í¨Ë¨±Ê β+/EC-· ¸¶ ¤  ¢ ±μ´±·¥É´μ³ ¸²ÊÎ ¥ Ö¤·  232Am. � ¸Î¥É ¸É·Ê±ÉÊ·Ò
Sβ(E) ¤²Ö β+/EC-· ¸¶ ¤  232Am, μ¸´μ¢ ´´Ò° ´  ¶·¥¤¸É ¢²¥´¨ÖÌ μ § ·Ö¤μ¢μ-
μ¡³¥´´ÒÌ ¢μ§¡Ê¦¤¥´¨ÖÌ ƒ ³μ¢ Ä’¥²²¥· , ¶·μ¢¥¤¥´ ¢ [55]. �¥§Ê²ÓÉ ÉÒ · ¸Î¥É 
¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 10. �¥¸É É¨¸É¨Î¥¸±¨¥ ÔËË¥±ÉÒ, ¶·¨¢μ¤ÖÐ¨¥ ± ´ ²¨Î¨Õ
·¥§μ´ ´¸´μ° ¸É·Ê±ÉÊ·Ò Sβ(E), ¢´μ¸ÖÉ ¸ÊÐ¥¸É¢¥´´Ò¥ ¨§³¥´¥´¨Ö ¢  ´ ²¨§ ¢¥-
²¨Î¨´ Pβdf . �  μ¸´μ¢¥ Sβ(E), ¢ ±μÉμ·μ° ÊÎÉ¥´Ò ÔËË¥±ÉÒ ¸É·Ê±ÉÊ·Ò Ö¤· ,
¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ μ ¢¥²¨Î¨´¥ Pβdf ¢ · ¡μÉ¥ [55] ¶μ²ÊÎ¥´Ò §´ -
Î¥´¨Ö ¡ ·Ó¥·  ¤¥²¥´¨Ö Ö¤·  232Pu, ¸μ£² ¸ÊÕÐ¨¥¸Ö ¸ ¡ ·Ó¥·μ³ ¤¥²¥´¨Ö 232Pu,
· ¸¸Î¨É ´´Ò³ ¶μ ³¥Éμ¤Ê ‘É·ÊÉ¨´¸±μ£μ (É ¡². 3). ’ ±¨³ μ¡· §μ³, ´¥É μ¸´μ¢ -
´¨° ÊÉ¢¥·¦¤ ÉÓ, ÎÉμ ¡ ·Ó¥·Ò ¤¥²¥´¨Ö, · ¸¸Î¨É ´´Ò¥ ¶μ ³¥Éμ¤Ê ‘É·ÊÉ¨´¸±μ£μ,
´¥ ¶μ§¢μ²ÖÕÉ μ¶¨¸Ò¢ ÉÓ Ô±¸¶¥·¨³¥´ÉÒ ¶μ § ¶ §¤Ò¢ ÕÐ¥³Ê ¤¥²¥´¨Õ, ± ± ÔÉμ
¤¥² ¥É¸Ö ¢ [66].

‚ μ¡² ¸É¨  ±É¨´¨¤μ¢ ¶·μÍ¥¸¸ § ¶ §¤Ò¢ ÕÐ¥£μ ¤¥²¥´¨Ö, ¸μ¶·μ¢μ¦¤ Õ-
Ð¥£μ β+/EC-· ¸¶ ¤, ¨¸¸²¥¤μ¢ ´ [64, 66, 68, 69] É ±¦¥ ¤²Ö:

240Bk
β+/EC−−−−→ 240Cm → βdf,

244,248Es
β+/EC−−−−→ 244,248Cf → βdf,

248Md
β+/EC−−−−→ 248Fm → βdf,

234Am
β+/EC−−−−→ 234Pu → βdf.

(29)

�  ·¨¸. 10 ¨ ¢ É ¡². 3 ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ Sβ(E), P th
βdf ¨

Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö P exp
βdf . �·¨ · ¸Î¥É¥ [55] Pβdf ¶¨±¨ ¢ Sβ(E)

 ¶¶·μ±¸¨³¨·μ¢ ²¨¸Ó £ Ê¸¸¨ ´μ³ ¸ Ï¨·¨´μ° ´  ¶μ²μ¢¨´¥ ¢Ò¸μÉÒ FWHM=
1 ŒÔ‚.
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Š ± ¢¨¤´μ ¨§ É ¡². 3, ¤ ´´Ò¥ · ¸Î¥É  Sβ(E), P th
βdf ¢³¥¸É¥ ¸ · ¸¸Î¨É ´´Ò³¨

¶μ ³¥Éμ¤Ê ‘É·ÊÉ¨´¸±μ£μ ¡ ·Ó¥· ³¨ ¤¥²¥´¨Ö ¶μ§¢μ²ÖÕÉ ´¥¶²μÌμ μ¶¨¸Ò¢ ÉÓ
Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö P exp

βdf .

2.2. ‘¨²μ¢Ò¥ ËÊ´±Í¨¨ β−- ¨ β+/EC-· ¸¶ ¤μ¢ ¨ § ¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥-
´¨¥ ¤μ ±É¨´¨¤´ÒÌ Ö¤¥·. 	μ²ÓÏ¨¥ ¢μ§³μ¦´μ¸É¨ β-§ ¶ §¤Ò¢ ÕÐ¥£μ ¤¥²¥´¨Ö
¸¢Ö§ ´Ò ¸ μ¡² ¸ÉÓÕ ¤μ ±É¨´¨¤´ÒÌ Ö¤¥·, £¤¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ μ
¢¥·μÖÉ´μ¸ÉÖÌ ¨ ³¥Ì ´¨§³¥ ¤¥²¥´¨Ö Ìμ²μ¤´ÒÌ Ö¤¥· μÎ¥´Ó ¸±Ê¤´Ò.

‚ · ¡μÉ¥ [71] ¸μμ¡Ð ¥É¸Ö μ ´ ¡²Õ¤¥´¨¨ β+/EC-§ ¶ §¤Ò¢ ÕÐ¥£μ ¤¥²¥´¨Ö
¢ μ¡² ¸É¨ 180Hg. ‚ [56Ä58] ¶·μ¨§¢¥¤¥´ · ¸Î¥É § ¶ §¤Ò¢ ÕÐ¥£μ ¤¥²¥´¨Ö

180Tl
β+/EC−−−−→ 180Hg fission−−−−→ βdf. (30)

ˆ´É¥£· ²Ó´ Ö ËÊ´±Í¨Ö ”¥·³¨ f(E, Z) ¤²Ö β+/EC-· ¸¶ ¤  180Tl ¢Ò¡¨· ² ¸Ó
¢ ¢¨¤¥

f(E, Z) = fβ+(E) + fK(E) + fL1(E) + . . . (31)

‘² £ ¥³Ò¥ ¸μμÉ¢¥É¸É¢ÊÕÉ ¢±² ¤ ³ μÉ β+-· ¸¶ ¤ , K-§ Ì¢ É , L1-§ Ì¢ É .
„²Ö β+/EC-· ¸¶ ¤  180Tl ´  Ê·μ¢¥´Ó ¸ Ô´¥·£¨¥° ¢μ§¡Ê¦¤¥´¨Ö E ¢ 180Hg

¢±² ¤ β+-¶¥·¥Ìμ¤  ¸μ¸É ¢²Ö¥É μ±μ²μ 10% ¶·¨ QEC−E = 3 ŒÔ‚, ¸É ´μ¢¨É¸Ö
¸· ¢´¨³Ò³ ¸ ¢±² ¤μ³ μÉ K-§ Ì¢ É  ¶·¨ QEC − E = 5 ŒÔ‚ ¨ ¢ ¤¢  · § 
¶·¥¢ÒÏ ¥É ¤μ²Õ K-§ Ì¢ É  ¶·¨ QEC −E = 6,5 ŒÔ‚. “Î¥É L1-§ Ì¢ É  ³μ¦¥É
¡ÒÉÓ ¸ÊÐ¥¸É¢¥´¥´ ¶·¨ Ô´¥·£¨ÖÌ ¢μ§¡Ê¦¤¥´¨Ö ¢¡²¨§¨ QEC, £¤¥ ¢¥·μÖÉ´μ¸ÉÓ
¤¥²¥´¨Ö μ¸μ¡¥´´μ ¢¥²¨± .

� ¸Î¥ÉÒ [56] Sβ(E), ¢Ò¶μ²´¥´´Ò¥ ¸ ÊÎ¥Éμ³ μ¸É ÉμÎ´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö
ƒ ³μ¢ Ä’¥²²¥·  ¢ TDA-¶·¨¡²¨¦¥´¨¨, ¶μ± §Ò¢ ÕÉ, ÎÉμ Sβ(E) ¢ ¤ ´´μ³
¸²ÊÎ ¥ ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¢ ¢¨¤¥ ¤¢ÊÌ £ Ê¸¸¨ ´μ¢ ¸ Ï¨·¨´ ³¨
FWHM∼ 1 ŒÔ‚ ¨ ¸· ¢´¨³Ò³¨ ¨´É¥´¸¨¢´μ¸ÉÖ³¨ (1 : 1,9). � ¸Î¥ÉÒ [57]
Sβ(E), ¢Ò¶μ²´¥´´Ò¥ ¢ QRPA, ¤ ÕÉ Sβ(E) (¨´É¥´¸¨¢´Ò¥ ¶¨±¨ ¢ μ¡² ¸É¨
Ô´¥·£¨° ¢μ§¡Ê¦¤¥´¨Ö 2Ä4 ŒÔ‚ ¨ 6Ä8 ŒÔ‚), ± Î¥¸É¢¥´´μ ¸μ£² ¸ÊÕÐ¨¥¸Ö ¸
TDA-· ¸Î¥É ³¨. � §²¨Î¨Ö ¢ Sβ(E), ¶μ²ÊÎ¥´´Ò¥ ¢ QRPA- ¨ TDA-· ¸Î¥É Ì, ¢
¤ ´´μ³ ¸²ÊÎ ¥ ´¥¸ÊÐ¥¸É¢¥´´Ò ¶·¨ ¢ÒÎ¨¸²¥´¨ÖÌ Pβdf , ¶μ¸±μ²Ó±Ê Pβdf μ¶·¥¤¥-
²Ö¥É¸Ö ¶¨± ³¨ ¢ μ¡² ¸É¨ 6Ä8 ŒÔ‚ ¨ ´Ê¦´μ §´ ÉÓ Sβ(E) ¸ ÉμÎ´μ¸ÉÓÕ ¤μ ±μ´-
¸É ´ÉÒ [59]. �±¸¶¥·¨³¥´É ²Ó´μ¥ §´ Î¥´¨¥ ¢¥²¨Î¨´Ò ¢¥·μÖÉ´μ¸É¨ § ¶ §¤Ò¢ Õ-
Ð¥£μ ¤¥²¥´¨Ö ¤²Ö 180Hg ¶μ ¤ ´´Ò³ · ¡μÉÒ [71] ¸μ¸É ¢²Ö¥É Pβdf = 3·10−(7±1).
�Í¥´±¨ ¡ ·Ó¥·  ¤¥²¥´¨Ö ¶μ ³¥Éμ¤Ê ‘É·ÊÉ¨´¸±μ£μ ¤²Ö Ö¤¥·, Ê¤ ²¥´´ÒÌ μÉ ¶μ-
²μ¸Ò β-¸É ¡¨²Ó´μ¸É¨, ¤ ÕÉ §´ Î¥´¨Ö ¢Ò¸μÉÒ ¡ ·Ó¥· , μÉ²¨Î ÕÐ¨¥¸Ö ´  ´¥-
¸±μ²Ó±μ ŒÔ‚ §  ¸Î¥É ³ ±·μ¸±μ¶¨Î¥¸±μ° Î ¸É¨ [72]. �Í¥´±¨ [73] ¢¥²¨Î¨´Ò
QEC ¤ ÕÉ §´ Î¥´¨¥ QEC ≈ 10,9 ŒÔ‚ ¤²Ö 180Hg. ‡ ¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥´¨¥
180Hg ³μ¦´μ ´¥¶²μÌμ μ¶¨¸ ÉÓ ¶·¨ ¢Ò¸μÉ¥ ¡ ·Ó¥·  Bf ≈ 11 ŒÔ‚ ¨ ±·¨-
¢¨§´¥ ¡ ·Ó¥·  ωf ≈ 1 ŒÔ‚ [56, 57, 59, 71]. �·¨ Ê± § ´´ÒÌ ¢ÒÏ¥ ¶ · ³¥-
É· Ì ¡ ·Ó¥·  ¤¥²¥´¨Ö ¨ QEC · ¸Î¥ÉÒ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ QRPA ¤ ÕÉ §´ Î¥´¨¥
Pβdf = 10−8 [57],   ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ TDA-³μ¤¥²¨ Pβdf = 10−7 [56], É. ¥.
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¤μ¢μ²Ó´μ ´¥¶²μÌμ ¢μ¸¶·μ¨§¢μ¤ÖÉ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ [71] ¶μ § ¶ §-
¤Ò¢ ÕÐ¥³Ê ¤¥²¥´¨Õ 180Hg. �μ²ÊÎ¥´´μ¥ É ±¨³ μ¡· §μ³ §´ Î¥´¨¥ ¢Ò¸μÉÒ ¡ -
·Ó¥·  ¤¥²¥´¨Ö Ö¤·  180Hg ¶·¥¢ÒÏ ¥É ¶·¨³¥·´μ ´  1 ŒÔ‚ · ¸Î¥É´μ¥ §´ Î¥´¨¥
¡ ·Ó¥· , ¶·¨¢¥¤¥´´μ¥ ¢ [74].

‚ · ¡μÉ¥ [75] É ±¦¥ ¶·μ¤¥² ´Ò ¨§³¥·¥´¨Ö ¢¥·μÖÉ´μ¸É¨ § ¶ §¤Ò¢ ÕÐ¥£μ
¤¥²¥´¨Ö 180Hg, ´μ Ê¦¥ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¸¥¶ ·¨·μ¢ ´´μ£μ ¶ÊÎ±  180Tl. �μ-
²ÊÎ¥´μ §´ Î¥´¨¥ Pβdf = 3,6(7) · 10−5, ¨³¥ÕÐ¥¥ ¡μ²¥¥ Ìμ·μÏ¥¥ ¸μ£² ¸¨¥ ¸
· ¸Î¥É ³¨ [74] ¡ ·Ó¥·  ¤¥²¥´¨Ö 180Hg.

‡ ¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥´¨¥ ·Ö¤  ¤μ ±É¨´¨¤´ÒÌ Ö¤¥· ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ± ±
É¥¸É ¤²Ö ¶·μ¢¥·±¨ · §²¨Î´ÒÌ ³μ¤¥²¥° · ¸Î¥É  Sβ(E) ¨²¨ ¡ ·Ó¥·μ¢ ¤¥²¥´¨Ö
Ö¤¥·. ‚ ¤ ´´μ³ ¸²ÊÎ ¥ ¢¥¸Ó³  ¶μ± § É¥²Ó´Ò ¨¸¸²¥¤μ¢ ´¨Ö § ¶ §¤Ò¢ ÕÐ¥£μ
¤¥²¥´¨Ö [58, 60]:

232Fr
β−

−−→ 232Ra fission−−−−→ βdf . (32)

�±¸¶¥·¨³¥´É ²Ó´ Ö μÍ¥´±  P exp
βdf < 2 · 10−6 ¤²Ö 232Ra [76] ·¥§±μ ¶·μ-

É¨¢μ·¥Î¨É ¸¤¥² ´´μ° ¤μ ¶·μ¢¥¤¥´¨Ö Ô±¸¶¥·¨³¥´Éμ¢ É¥μ·¥É¨Î¥¸±μ° μÍ¥´±¥
P th

βdf ≈ 0,3 [77].

� ¸Î¥ÉÒ ¢¥²¨Î¨´Ò Pβdf μÎ¥´Ó ÎÊ¢¸É¢¨É¥²Ó´Ò ± É ±¨³ ¶ · ³¥É· ³, ± ±
Qβ Å ¶μ²´ Ö Ô´¥·£¨Ö β-· ¸¶ ¤ , Bf Å ¢Ò¸μÉ  ¡ ·Ó¥·  ¤¥²¥´¨Ö ¨ ¥£μ ±·¨-
¢¨§´  ωf , ¸É·Ê±ÉÊ·  Sβ(E). � ¸Î¥ÉÒ [58, 60] ¶μ± § ²¨, ÎÉμ ¤²Ö β−-· ¸¶ ¤ 
232Fr Sβ(E) ¨³¥¥É ³ ±¸¨³Ê³ ¶·¨ Ô´¥·£¨¨ ¢μ§¡Ê¦¤¥´¨Ö E ≈ 5,5 ŒÔ‚ ¨ ³μ-
¦¥É ¡ÒÉÓ  ¶¶·μ±¸¨³¨·μ¢ ´  £ Ê¸¸¨ ´μ³ ¸ Ï¨·¨´μ° FWHM≈ 1 ŒÔ‚. ‚¥-
²¨Î¨´Ê Qβ ¢Ò¡¨· ²¨ ¸μ£² ¸´μ [78]: Qβ = (5,7 ± 0,7) ŒÔ‚. …¸²¨ ¢Ò¡· ÉÓ
¶ · ³¥É· ÔËË¥±É¨¢´μ-μ¤´μ£μ·¡μ£μ ¡ ·Ó¥·  ¤¥²¥´¨Ö 232Ra ωf = 1 ŒÔ‚, Éμ
Ô±¸¶¥·¨³¥´É ²Ó´μ° μÍ¥´±¥ P exp

βdf < 2 · 10−6 ¸μμÉ¢¥É¸É¢Ê¥É ¢Ò¸μÉ  ¡ ·Ó¥· 
Bf > 7,7 ŒÔ‚. ’¥μ·¥É¨Î¥¸±¨¥ · ¸Î¥ÉÒ [79, 80] ¶μ± §Ò¢ ÕÉ, ÎÉμ ¡ ·Ó¥·Ò
¤¥²¥´¨Ö ¤²Ö 228Ra ¨ 232Ra ¶·¨³¥·´μ μ¤¨´ ±μ¢Ò. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´-
´Ò¥ ¶μ ÔËË¥±É¨¢´μ-μ¤´μ£μ·¡μ³Ê ¡ ·Ó¥·Ê ¤¥²¥´¨Ö 228Ra [81, 82] ¸μ¸É ¢²ÖÕÉ
Bf ≈ 7,8 ŒÔ‚, ωf ≈ 0,9 ŒÔ‚ ¨ Bf = (8,7±0,4) ŒÔ‚. ’ ±¨³ μ¡· §μ³, μÍ¥´± 
Bf > 7,7 ŒÔ‚ [58, 60] ¡ ·Ó¥·  ¢ 232Ra ¸μ£² ¸Ê¥É¸Ö ¸ ·Ö¤μ³ É¥μ·¥É¨Î¥¸±¨Ì
¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ·¥§Ê²ÓÉ Éμ¢. ‘²¨Ï±μ³ ¡μ²ÓÏμ¥ §´ Î¥´¨¥ P th

βdf ≈ 0,3,
¶μ²ÊÎ¥´´μ¥ ¢ [77], ³μ¦¥É ¡ÒÉÓ ¸¢Ö§ ´μ ¸ ´¥±μ··¥±É´Ò³ ¢Ò¡μ·μ³ ¶ · ³¥É·μ¢
¡ ·Ó¥·  ¤¥²¥´¨Ö.

’ ±¨³ μ¡· §μ³, ¤²Ö Ö¤¥·, Ê¤ ²¥´´ÒÌ μÉ ¶μ²μ¸Ò β-¸É ¡¨²Ó´μ¸É¨, · ¸Î¥ÉÒ
Pβdf ³μ£ÊÉ ¤ ¢ ÉÓ ¸¨²Ó´μ · ¸Ìμ¤ÖÐ¨¥¸Ö ·¥§Ê²ÓÉ ÉÒ, ¥¸²¨ Ô´¥·£¥É¨Î¥¸±¨¥ ¶ -
· ³¥É·Ò (Qβ , Bf , Sβ(E)) ¨§¢¥¸É´Ò ´¥¤μ¸É ÉμÎ´μ Ìμ·μÏμ. ‚ Éμ ¦¥ ¢·¥³Ö
·¥Ï¥´¨¥ μ¡· É´μ° § ¤ Î¨, É. ¥. μÍ¥´±  ¶ · ³¥É·μ¢ ¡ ·Ó¥·  ¤¥²¥´¨Ö ¨§ ¤ ´-
´ÒÌ ¶μ § ¶ §¤Ò¢ ÕÐ¥³Ê ¤¥²¥´¨Õ, ³μ¦¥É ¤ ÉÓ Í¥´´ÊÕ ¨´Ëμ·³ Í¨Õ. �¤´ ±μ
¢ ÔÉμ³ ¸²ÊÎ ¥ ´¥μ¡Ìμ¤¨³μ ¨³¥ÉÓ ¸¢¥¤¥´¨Ö μ ¸É·Ê±ÉÊ·¥ ¸¨²μ¢μ° ËÊ´±Í¨¨ β-
¶¥·¥Ìμ¤μ¢.
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3. ‡���‡„›‚��™ˆ… ���’��›

‘Ì¥³ É¨Î¥¸±¨ ¶·μÍ¥¸¸ ¨¸¶Ê¸± ´¨Ö § ¶ §¤Ò¢ ÕÐ¨Ì Î ¸É¨Í ¶μ± § ´ ´ 
·¨¸. 11. ‘¶¥±É· § ¶ §¤Ò¢ ÕÐ¨Ì ¶·μÉμ´μ¢ [50] ¨³¥¥É Ì · ±É¥·´ÊÕ Ëμ·³Ê ±μ-
²μ±μ² , ¶μ²ÊÏ¨·¨´  ±μÉμ·μ£μ μ¡ÒÎ´μ ¸μ¸É ¢²Ö¥É 2Ä3 ŒÔ‚. �μÔÉμ³Ê ¸¶¥±É·
§ ¶ §¤Ò¢ ÕÐ¨Ì ¶·μÉμ´μ¢ ¶μ§¢μ²Ö¥É ¶·μ¸³μÉ·¥ÉÓ ¤μ¢μ²Ó´μ Ê§±¨° ¨´É¥·¢ ²
Ô´¥·£¨° ¢ Sβ(E) ¨ ¶μ²ÊÎ ÉÓ ¨´Ëμ·³ Í¨Õ μ ¸É·Ê±ÉÊ·¥ Sβ(E). …¸²¨ ¢ ¤ ´´Ò°
¨´É¥·¢ ² Ô´¥·£¨° ´¥ ¶μ¶ ¤ ¥É ¶¨± μÉ Sβ(E), Éμ μÉ³¥Î ¥É¸Ö ´¥¶²μÌμ¥ ¸μ£² ¸¨¥
Ëμ·³Ò ¸¶¥±É·  § ¶ §¤Ò¢ ÕÐ¨Ì ¶·μÉμ´μ¢ ¸μ ¸É É¨¸É¨Î¥¸±μ° ³μ¤¥²ÓÕ. …¸²¨
¢ Ô´¥·£¥É¨Î¥¸±¨° ¨´É¥·¢ ², μ¶·¥¤¥²ÖÕÐ¨° ¨¸¶Ê¸± ´¨¥ § ¶ §¤Ò¢ ÕÐ¨Ì ¶·μ-
Éμ´μ¢, ¶μ¶ ¤ ¥É ¶¨± Sβ(E), Éμ ´¨± ±¨³¨ ¢ ·¨ Í¨Ö³¨ ¶ · ³¥É·μ¢, ¡¥§ ÊÎ¥É 
¸É·Ê±ÉÊ·Ò Sβ(E), ´¥ Ê¤ ¥É¸Ö ¢μ¸¶·μ¨§¢¥¸É¨ Ëμ·³Ê ¸¶¥±É·  § ¶ §¤Ò¢ ÕÐ¨Ì
¶·μÉμ´μ¢ ¤²Ö Ï¨·μ±μ£μ ±·Ê£  Ö¤¥· [2].

ˆ²²Õ¸É· Í¨¥° ¶¥·¢μ£μ ¢ ·¨ ´É  Ö¢²Ö¥É¸Ö ¸¶¥±É· § ¶ §¤Ò¢ ÕÐ¨Ì ¶·μÉμ-
´μ¢ ¤²Ö 69Se [83]. ‚ ÔÉμ³ ¸²ÊÎ ¥ (·¨¸. 12) · ¸Î¥É ¶μ ¸É É¨¸É¨Î¥¸±μ° ³μ¤¥²¨
¸ Sβ(E) = const ´¥¶²μÌμ ¢μ¸¶·μ¨§¢μ¤¨É Ëμ·³Ê ¸¶¥±É· .

�¨¸. 11. �´¥·£¥É¨Î¥¸±¨¥ ¸μμÉ´μÏ¥´¨Ö ¶·¨ ¨¸¶Ê¸± ´¨¨ § ¶ §¤Ò¢ ÕÐ¨Ì Î ¸É¨Í. Bx Å
Ô´¥·£¨Ö ¸¢Ö§¨ ¨¸¶ÊÐ¥´´μ° ¶μ¸²¥ β-· ¸¶ ¤  Î ¸É¨ÍÒ; Qβ Å ¶μ²´ Ö Ô´¥·£¨Ö β-· ¸¶ ¤ ;
Γx Å Ï¨·¨´  ¤²Ö ± ´ ²  · ¸¶ ¤  ¸ ¨¸¶Ê¸± ´¨¥³ § ¶ §¤Ò¢ ÕÐ¥° Î ¸É¨ÍÒ

�¨¸. 12. ‘¶¥±É· § ¶ §¤Ò¢ ÕÐ¨Ì ¶·μÉμ´μ¢
¤²Ö 69Se [83]. ƒ² ¤± Ö ±·¨¢ Ö Å · ¸Î¥É ¶μ
¸É É¨¸É¨Î¥¸±μ° ³μ¤¥²¨ ¸ Sβ(E) = const
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�¨¸. 13. ‘¶¥±É· § ¶ §¤Ò¢ ÕÐ¨Ì ¶·μÉμ´μ¢ [84] ¤²Ö · ¸¶ ¤  109Te ( ) ¨ ¶μ²ÊÎ¥´´ Ö ¨§
´¥£μ Sβ(E) (¡)

Ÿ·±¨³ ¶·¨³¥·μ³ ¢Éμ·μ£μ ¢ ·¨ ´É  Ö¢²Ö¥É¸Ö ¸¶¥±É· § ¶ §¤Ò¢ ÕÐ¨Ì ¶·μ-
Éμ´μ¢ ¤²Ö 109Te [84]. ‚ ÔÉμ³ ¸²ÊÎ ¥ Éμ²Ó±μ ¶·¨ ÊÎ¥É¥ ·¥§μ´ ´¸´μ° ¸É·Ê±ÉÊ·Ò
Sβ(E) Ê¤ ¥É¸Ö μ¶¨¸ ÉÓ ¸¶¥±É· § ¶ §¤Ò¢ ÕÐ¨Ì ¶·μÉμ´μ¢ (·¨¸. 13).

�É³¥É¨³, ÎÉμ ¢ ¸É É¨¸É¨Î¥¸±¨Ì · ¸Î¥É Ì, ¸ ³μ¤¥²¨·μ¢ ´¨¥³ · §²¨Î´μ£μ
·μ¤  Ë²Ê±ÉÊ Í¨°, ¢ ¶·¨´Í¨¶¥, ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ®¶¨±¨¯ ¢ ¸¶¥±É· Ì § ¶ §¤Ò-
¢ ÕÐ¨Ì Î ¸É¨Í, ´μ ´¥¢μ§³μ¦´μ μ¶¨¸ ÉÓ § ±μ´μ³¥·´μ¸É¨ ¢ ¨´É¥´¸¨¢´μ¸ÉÖÌ ¨
¶μ²μ¦¥´¨ÖÌ ¶¨±μ¢ ¶·¨ · ¸¸³μÉ·¥´¨¨ · §²¨Î´ÒÌ Ö¤¥· [2, 85].

�¤¥±¢ É´μ¥ μ¶¨¸ ´¨¥ ·¥§μ´ ´¸´μ° ¸É·Ê±ÉÊ·Ò Sβ(E) ¶μ§¢μ²Ö¥É μ¡ÑÖ¸´¨ÉÓ
Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶μ Ëμ·³¥ ¸¶¥±É·μ¢ § ¶ §¤Ò¢ ÕÐ¨Ì ¶·μÉμ´μ¢ ¤²Ö
¡μ²ÓÏμ£μ ´ ¡μ·  Ö¤¥· [2, 3].

4. ‡���‡„›‚��™ˆ… �…‰’���›

ˆ¸¸²¥¤μ¢ ´¨¥ § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ ¶μ§¢μ²Ö¥É ¶μ²ÊÎ ÉÓ ¡μ²¥¥ ¤¥-
É ²Ó´ÊÕ ¨´Ëμ·³ Í¨Õ μ ¸É·Ê±ÉÊ·¥ Sβ(E) ¢ ¡μ²¥¥ Ï¨·μ±μ³ Ô´¥·£¥É¨Î¥¸±μ³
μ±´¥, Î¥³ ¨¸¸²¥¤μ¢ ´¨¥ § ¶ §¤Ò¢ ÕÐ¨Ì ¶·μÉμ´μ¢, ¢¸²¥¤¸É¢¨¥ μÉ¸ÊÉ¸É¢¨Ö ±Ê-
²μ´μ¢¸±μ£μ ¡ ·Ó¥· .

�·μÖ¢²¥´¨Ö ·¥§μ´ ´¸´μ° ¸É·Ê±ÉÊ·Ò Sβ(E) ¢ ¸¶¥±É· Ì § ¶ §¤Ò¢ ÕÐ¨Ì
´¥°É·μ´μ¢ ´ ¡²Õ¤ ²¨¸Ó ¤²Ö ³´μ£¨Ì Ö¤¥· [86, 87]. �·¨³¥· ¸¨²μ¢μ° ËÊ´±-
Í¨¨ β−-· ¸¶ ¤  95Rb, ¶μ²ÊÎ¥´´μ° ¨§  ´ ²¨§  ¸¶¥±É·  § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°-
É·μ´μ¢ [88], ¶·¨¢¥¤¥´ ´  ·¨¸. 14, É ³ ¦¥ ¤ ´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ Sβ(E)
¢ · §²¨Î´ÒÌ ³μ¤¥²ÖÌ. ˆ§ ¸· ¢´¥´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨ É¥μ·¥É¨Î¥¸±¨Ì
¤ ´´ÒÌ [53, 88Ä90] ¢¨¤´μ, ÎÉμ Éμ²Ó±μ ¸ ÊÎ¥Éμ³ ´¥¸É É¨¸É¨Î¥¸±¨Ì ÔËË¥±-
Éμ¢ ¢ Sβ(E) ³μ¦´μ ±μ··¥±É´μ μ¶¨¸Ò¢ ÉÓ ¸¶¥±É· § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ-
´μ¢ 95Sr.

— ¸Éμ ¶·¨¢μ¤ÖÉ¸Ö ¤ ´´Ò¥ ²¨ÏÓ μ ¢¥·μÖÉ´μ¸ÉÖÌ ¨¸¶Ê¸± ´¨Ö § ¶ §¤Ò¢ Õ-
Ð¨Ì ´¥°É·μ´μ¢ Pn, É. ¥. ¢¥·μÖÉ´μ¸É¨ ¨¸¶Ê¸± ´¨Ö § ¶ §¤Ò¢ ÕÐ¥£μ ´¥°É·μ´ 
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�¨¸. 14. ‘¨²μ¢ Ö ËÊ´±Í¨Ö β−-· ¸¶ ¤  95Rb. ƒ¨¸Éμ£· ³³  Å Sβ(E) ¨§ μ¡· ¡μÉ±¨
¸¶¥±É·  § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ 95Sr; ÏÉ·¨Ìμ¢ Ö ±·¨¢ Ö Å · ¸Î¥É ¶μ £·μ¸¸-É¥μ·¨¨;
±·¨¢ Ö ¸ ·¥§μ´ ´¸´Ò³¨ ¸É·Ê±ÉÊ· ³¨ (¦¨·´ Ö ¸¶²μÏ´ Ö) Å · ¸Î¥É Sβ(E) ¶μ ³¨±·μ-
¸±μ¶¨Î¥¸±μ° ³μ¤¥²¨ ¸ ÊÎ¥Éμ³ μ¸É ÉμÎ´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ƒ ³μ¢ Ä’¥²²¥· ; ¶² ¢´ Ö
±·¨¢ Ö ¡¥§ ·¥§μ´ ´¸´ÒÌ ¸É·Ê±ÉÊ· (Éμ´± Ö ¸¶²μÏ´ Ö) Å · ¸Î¥É ¶μ ¸É É¨¸É¨Î¥¸±μ°
³μ¤¥²¨ Sβ(E) ∼ ρ(E)

´  μ¤¨´  ±É β−-· ¸¶ ¤ :

Pn =

Qβ∫
Bn

Sβ(E) f(Qβ − E)
Γn

Γtot
dE

Qβ∫
Bn

Sβ(E)f(Qβ − E) dE

, (33)

£¤¥ Γn/Γtot Å μÉ´μÏ¥´¨¥ ´¥°É·μ´´μ° ¨ ¶μ²´μ° Ï¨·¨´ ¤²Ö · ¸¶ ¤  Ê·μ¢´Ö ¸
Ô´¥·£¨¥° ¢μ§¡Ê¦¤¥´¨Ö E.

‚¥²¨Î¨´Ò Pn ±μ²¥¡²ÕÉ¸Ö μÉ ¤μ²¥° ¶·μÍ¥´É  ¤μ ¤¥¸ÖÉ±μ¢ ¶·μÍ¥´Éμ¢ [26,
91Ä93] ¨ ÎÊ¢¸É¢¨É¥²Ó´Ò ± Ëμ·³¥ Sβ(E). ’μ²Ó±μ ¸ ÊÎ¥Éμ³ ¸É·Ê±ÉÊ·Ò Sβ(E)
Ê¤ ¥É¸Ö μ¶¨¸Ò¢ ÉÓ §´ Î¥´¨Ö Pn ¤²Ö Ï¨·μ±μ£μ ´ ¡μ·  Ö¤¥· [2Ä4].

�¤´ ±μ ¤¥É ²Ó´μ£μ ¸μ¢¶ ¤¥´¨Ö É¥μ·¥É¨Î¥¸±¨Ì ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ -
Î¥´¨° Pn ¨ ¸¶¥±É· ²Ó´ÒÌ Ì · ±É¥·¨¸É¨± § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ ´¥ ¢¸¥£¤ 
Ê¤ ¥É¸Ö ¤μ¸É¨ÎÓ. �Éμ ¸¢Ö§ ´μ ¸ É¥³, ÎÉμ ´¥μ¡Ìμ¤¨³μ ¨¸¶μ²Ó§μ¢ ÉÓ Sβ(E) ¸
·¥ ²Ó´Ò³¨ Ï¨·¨´ ³¨ ¶¨±μ¢, ¶·¨Î¥³ ´ ¤¥¦´Ò° · ¸Î¥É Ï¨·¨´ ¤μ¢μ²Ó´μ ¶·μ-
¡²¥³ É¨Î¥´. Š·μ³¥ Éμ£μ, ¢ · ¸Î¥É Ì ¨¸¶μ²Ó§ÊÕÉ¸Ö ¸É É¨¸É¨Î¥¸±¨¥ ¶μ¤Ìμ¤Ò ±
· ¸Î¥ÉÊ ¢¥²¨Î¨´ Γn ¨ Γtot, ÎÉμ Ö¢²Ö¥É¸Ö ´¥±¨³ ¶·¨¡²¨¦¥´¨¥³ [3].

‘¤¥² ¥³ ¥Ð¥ μ¤´μ § ³¥Î ´¨¥, Ö¢²ÖÕÐ¥¥¸Ö μ¡Ð¨³ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö Ì -
· ±É¥·¨¸É¨± § ¶ §¤Ò¢ ÕÐ¨Ì ¶·μÍ¥¸¸μ¢,   ¨³¥´´μ: · ¸Î¥ÉÒ ¨³¥ÕÉ ¤μ¢μ²Ó´μ
´¨§±ÊÕ ´ ¤¥¦´μ¸ÉÓ, ¥¸²¨ ¶²μÌμ ¨§¢¥¸É´Ò ¶ · ³¥É·Ò, μ¶·¥¤¥²ÖÕÐ¨¥ Ô´¥·£¥-
É¨±Ê § ¶ §¤Ò¢ ÕÐ¨Ì ¶·μÍ¥¸¸μ¢ (Qβ , Bx ¨ É. ¤.). �¸μ¡¥´´μ ÔÉμ ¸± §Ò¢ ¥É¸Ö
´  · ¸Î¥É Ì, ±μ£¤  ¢ Sβ(E) ¨³¥ÕÉ¸Ö ¶¨±¨ ¢¡²¨§¨ Qβ ¨²¨ Bx. �μÔÉμ³Ê ¸²¥-
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¤Ê¥É μ¸Éμ·μ¦´μ μÉ´μ¸¨ÉÓ¸Ö ± ¶·¥¤¸± § ´¨Ö³ Ì · ±É¥·¨¸É¨± § ¶ §¤Ò¢ ÕÐ¨Ì
¶·μÍ¥¸¸μ¢ ¢ μ¡² ¸É¨ Ö¤¥·, ¸¨²Ó´μ Ê¤ ²¥´´ÒÌ μÉ ¶μ²μ¸Ò β-¸É ¡¨²Ó´μ¸É¨ [3].

5. 	Š‘�…�ˆŒ…�’�‹œ�›… Œ…’�„› ˆ‡Œ…�…�ˆŸ Sβ(E)

�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ μ ¸É·Ê±ÉÊ·¥ Sβ(E) ¢ Ï¨·μ±μ³ ¤¨ ¶ §μ´¥
Ô´¥·£¨° ¢μ§¡Ê¦¤¥´¨Ö Ö¤¥·, ¢ Éμ³ Î¨¸²¥ ¨ ¶·¨ Ô´¥·£¨ÖÌ, ¶·¥¢ÒÏ ÕÐ¨Ì ¶μ²-
´ÊÕ Ô´¥·£¨Õ ¡¥É -· ¸¶ ¤  Qβ, ¶μ²ÊÎ ÕÉ ¨§ ¨§³¥·¥´¨° ¸¥Î¥´¨° § ·Ö¤μ¢μ-
μ¡³¥´´ÒÌ Ö¤¥·´ÒÌ ·¥ ±Í¨° [94]. �¤´ ±μ ±·Ê£ ¨¸¸²¥¤Ê¥³ÒÌ Ö¤¥· μ£· ´¨Î¥´
´ ¡μ·μ³ ¨³¥ÕÐ¨Ì¸Ö ³¨Ï¥´¥° ¨ ¶ÊÎ±μ¢.

‚ ¤ ´´μ³ μ¡§μ·¥ ³Ò μ¸É ´μ¢¨³¸Ö ´  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ³¥Éμ¤ Ì ¶μ²Ê-
Î¥´¨Ö ¨´Ëμ·³ Í¨¨ μ ¸É·Ê±ÉÊ·¥ Sβ(E) ¤²Ö Ö¤¥·, ¨¸¶ÒÉÒ¢ ÕÐ¨Ì β−- ¨²¨
β+/EC-· ¸¶ ¤, É. ¥. ¶·¨ Ô´¥·£¨ÖÌ ¢μ§¡Ê¦¤¥´¨Ö ¤μÎ¥·´¨Ì Ö¤¥·, ´¥ ¶·¥¢Ò-
Ï ÕÐ¨Ì Qβ .

Š Î¥¸É¢¥´´Ò¥ ¤ ´´Ò¥ μ ¸É·Ê±ÉÊ·¥ Sβ(E) ¢ ·Ö¤¥ ¸²ÊÎ ¥¢ ³μ¦´μ ¶μ²ÊÎ¨ÉÓ
¨§ ¸¶¥±É·μ¢ § ¶ §¤Ò¢ ÕÐ¨Ì Î ¸É¨Í [50, 85Ä87].

Sβ(E) ¸¢Ö§ ´  ¸ Ô±¸¶¥·¨³¥´É ²Ó´μ ¨§³¥·Ö¥³μ° ¶²μÉ´μ¸ÉÓÕ ¢¥·μÖÉ´μ¸É¨
§ ¸¥²¥´¨Ö Ê·μ¢´¥° ¤μÎ¥·´¥£μ Ö¤·  I(E) ¨ § ¶¨¸Ò¢ ¥É¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· -
§μ³ [2]:

Sβ(E) =
I(E)

T1/2f(Qβ − E)
, (34)

£¤¥ T1/2 Å ¶¥·¨μ¤ ¶μ²Ê· ¸¶ ¤  ³ É¥·¨´¸±μ£μ Ö¤· ; f(Qβ − E) Å ËÊ´±Í¨Ö
”¥·³¨; Qβ − E Å Ô´¥·£¨Ö β-¶¥·¥Ìμ¤ .

Šμ²¨Î¥¸É¢¥´´Ò¥ ¤ ´´Ò¥ μ ¸É·Ê±ÉÊ·¥ Sβ(E) ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¶μ²ÊÎ ÕÉ
¸ ¶μ³μÐÓÕ ³¥Éμ¤μ¢ £ ³³ -¸¶¥±É·μ¸±μ¶¨¨, ¨¸¸²¥¤ÊÖ · §·Ö¤±Ê ¸μ¸ÉμÖ´¨°, § -
¸¥²Ö¥³ÒÌ ¶·¨ β-· ¸¶ ¤¥ [2Ä16, 18Ä21].

„μ ´¥¤ ¢´¥£μ ¢·¥³¥´¨ ¢ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨¸¸²¥¤μ¢ ´¨ÖÌ ¸É·Ê±ÉÊ·Ò
Sβ(E) ± ± ¢ �μ¸¸¨¨, É ± ¨ §  ·Ê¡¥¦μ³ ¢ μ¸´μ¢´μ³ ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¸¶¥±É·μ³¥-
É·Ò ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö £ ³³ -¨§²ÊÎ¥´¨Ö ¨ ³¥Éμ¤Ò ¸¶¥±É·μ¸±μ¶¨¨ ¶μ²´μ£μ
¶μ£²μÐ¥´¨Ö (TAGS) [2Ä16]. „ ´´Ò³ ³¥Éμ¤μ³ Ê¤ ²μ¸Ó Ô±¸¶¥·¨³¥´É ²Ó´μ ¤μ-
± § ÉÓ ·¥§μ´ ´¸´ÊÕ ¸É·Ê±ÉÊ·Ê Sβ(E) ¤²Ö β-¶¥·¥Ìμ¤μ¢ ƒ ³μ¢ Ä’¥²²¥· . �·¨´-
Í¨¶ TAGS § ±²ÕÎ ¥É¸Ö ¢ Éμ³, ÎÉμ ¸μ¶·μ¢μ¦¤ ÕÐ¥¥ β-· ¸¶ ¤ γ-¨§²ÊÎ¥´¨¥ ·¥-
£¨¸É·¨·Ê¥É¸Ö ¡μ²ÓÏ¨³¨ ±·¨¸É ²² ³¨ NaI ¢ £¥μ³¥É·¨¨, ¡²¨§±μ° ± 4π. …¸²¨ ÔË-
Ë¥±É¨¢´μ¸ÉÓ ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö γ-±¢ ´Éμ¢ ¤μ¸É ÉμÎ´μ ¢¥²¨± , Éμ  ³¶²¨ÉÊ¤ 
¨³¶Ê²Ó¸  ¢ É ±μ³ ¸¶¥±É·μ³¥É·¥ μ¶·¥¤¥²Ö¥É¸Ö ¸Ê³³ ·´μ° Ô´¥·£¨¥° γ-±¢ ´Éμ¢
¢ ± ¸± ¤¥, É. ¥. Ô´¥·£¨¥° Ê·μ¢´Ö ¢ ¤μÎ¥·´¥³ Ö¤·¥, § ¸¥²Ö¥³μ£μ β-¶¥·¥Ìμ¤μ³,  
¨´É¥´¸¨¢´μ¸ÉÓ ¶¨±  ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö μ¶·¥¤¥²Ö¥É¸Ö ¢¥·μÖÉ´μ¸ÉÓÕ § ¸¥²¥-
´¨Ö ÔÉμ£μ Ê·μ¢´Ö ¶·¨ β-· ¸¶ ¤¥. �·¨ ÔÉμ³ ¸²¥¤Ê¥É ¶·¨´ÖÉÓ ³¥·Ò ¤²Ö § Ð¨ÉÒ
±·¨¸É ²²μ¢ μÉ ¶μ¶ ¤ ´¨Ö ¢ ´¨Ì β-Î ¸É¨Í.

‚ ¶¥·¢ÒÌ ¸¶¥±É·μ³¥É· Ì ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö [95] Ê¤ ²μ¸Ó ¶μ²ÊÎ¨ÉÓ É¥-
²¥¸´Ò° Ê£μ² Ω ∼ 80% μÉ 4π ¨ ÔËË¥±É¨¢´μ¸ÉÓ ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö Ô´¥·£¨¨
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�¨¸. 15. ‘Ì¥³  ¸¶¥±É·μ³¥É·  ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö [2, 5], μ¡¥¸¶¥Î¨¢ ÕÐ¥£μ É¥²¥¸´Ò°
Ê£μ² Ω ∼ 4π. Si(Li)-¤¥É¥±Éμ· ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö ·¥£¨¸É· Í¨¨ β-Î ¸É¨Í

± ¸± ¤  γ-±¢ ´Éμ¢ μ± § ² ¸Ó ¤μ¢μ²Ó´μ ¸¨²Ó´μ (± ± (Ω/4π)n) § ¢¨¸ÖÐ¥° μÉ
Î¨¸²  γ-±¢ ´Éμ¢ ¢ ± ¸± ¤¥ n, É. ¥. μÉ ¸Ì¥³Ò · ¸¶ ¤  ¢μ§¡Ê¦¤¥´´ÒÌ ¸μ¸Éμ-
Ö´¨°. ‚¢¨¤Ê ¶·¨´Í¨¶¨ ²Ó´μ° ¢ ¦´μ¸É¨ ¶·Ö³ÒÌ ¨§³¥·¥´¨° ¸¨²μ¢ÒÌ ËÊ´±-
Í¨° β-· ¸¶ ¤  ¢ [2, 5] ¸Ëμ·³Ê²¨·μ¢ ´Ò Ê¸²μ¢¨Ö, ¶·¨ ±μÉμ·ÒÌ ¸¶¥±É·μ³¥É·
¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¤²Ö ¶μ²ÊÎ¥´¨Ö ¸¨²μ¢ÒÌ ËÊ´±Í¨°
β-¶¥·¥Ìμ¤μ¢ ¢ Ï¨·μ±μ³ ¨´É¥·¢ ²¥ Ô´¥·£¨° ¢μ§¡Ê¦¤¥´¨Ö.

�  μ¸´μ¢ ´¨¨ ¶·μ¢¥¤¥´´μ£μ  ´ ²¨§  ¡Ò² ¶μ¸É·μ¥´ ¸¶¥±É·μ³¥É· (·¨¸. 15),
μ¡² ¤ ÕÐ¨° ¶· ±É¨Î¥¸±¨ 4π-£¥μ³¥É·¨¥° ¨ ¸ Ê¸¶¥Ìμ³ ¶·¨³¥´Ö¢Ï¨°¸Ö ¤²Ö
¤μ± § É¥²Ó¸É¢  ·¥§μ´ ´¸´μ° ¸É·Ê±ÉÊ·Ò Sβ(E) [2, 5, 11Ä16].

Š ´ ¸ÉμÖÐ¥³Ê ¢·¥³¥´¨ ¸ÊÐ¥¸É¢Ê¥É ´¥¸±μ²Ó±μ ¸¶¥±É·μ³¥É·μ¢ ¶μ²´μ£μ ¶μ-
£²μÐ¥´¨Ö, ËÊ´±Í¨μ´¨·ÊÕÐ¨Ì ¢ ·Ö¤¥ ¢¥¤ÊÐ¨Ì Ö¤¥·´μ-Ë¨§¨Î¥¸±¨Ì Í¥´É·μ¢
³¨· . ‚¸¥ ÔÉ¨ ¸¶¥±É·μ³¥É·Ò μ¡Ñ¥¤¨´Ö¥É ´ ²¨Î¨¥ ¢ ´¨Ì NaI-±·¨¸É ²²μ¢ ¤μ-
¸É ÉμÎ´μ ¡μ²ÓÏμ£μ μ¡Ñ¥³ . �É²¨Î¨¥³ Ö¢²ÖÕÉ¸Ö ²¨ÏÓ Ëμ·³ , ±μ²¨Î¥¸É¢μ ¨
· §³¥·Ò ¨¸¶μ²Ó§Ê¥³ÒÌ ±·¨¸É ²²μ¢ ¢ Éμ³ ¨²¨ ¨´μ³ ¸¶¥±É·μ³¥É·¥,   É ±¦¥
´¥±μÉμ·Ò¥ μ¸μ¡¥´´μ¸É¨ ¢ ±μ´¸É·Ê±Í¨ÖÌ ¶μ¸²¥¤´¨Ì. ‚ É ¡². 4 ¶·¨¢¥¤¥´Ò ¸μ-
¢·¥³¥´´Ò¥ ¸¶¥±É·μ³¥É·Ò ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö γ-²ÊÎ¥°.

‚ ´ Ï¨Ì ¨¸¸²¥¤μ¢ ´¨ÖÌ ³Ò ¨¸¶μ²Ó§μ¢ ²¨ ¸¶¥±É·μ³¥É· ¶μ²´μ£μ ¶μ£²μÐ¥-
´¨Ö γ-²ÊÎ¥° [7], ¸μ§¤ ´´Ò° ¢ ±μ²² ¡μ· Í¨¨ � ¤¨¥¢Ò° ¨´¸É¨ÉÊÉ ¨³. ‚. ƒ. •²μ-
¶¨´  Ä�ˆŸˆ. ‘Ì¥³Ò ¤¥É¥±É¨·ÊÕÐ¥° Î ¸É¨ ¨ Ô²¥±É·μ´´μ° ¸¨¸É¥³Ò, μ¡¥¸¶¥-
Î¨¢ ÕÐ¨Ì · ¡μÉÊ ÔÉμ£μ ¸¶¥±É·μ³¥É· , ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 16 ¨ 17.
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’ ¡²¨Í  4. ‘¶¥±É·μ³¥É·Ò ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö γ-²ÊÎ¥°

‘¶¥±É·μ³¥É· Šμ´¸É·Ê±Í¨Ö ‘¸Ò²± 

‹ˆŸ” ’·¨ NaI(Tl)-±·¨¸É ²² , [2, 5]

∅ 200 ³³× h 200 ³³

∅ 200 ³³× h 100 ³³

∅ 200 ³³× h 100 ³³

�ˆÄ�ˆŸˆ „¢  NaI(Tl)-±·¨¸É ²² , [7]

∅ 200 ³³× h 110 ³³

∅ 210 ³³× h 140 ³³

‘˜� �¤¨´ NaI(Tl)-±·¨¸É ²², [6]

∅ 254 ³³× h 305 ³³

GSI �¤¨´ NaI(Tl)-±·¨¸É ²², [8]

∅ 356 ³³× h 356 ³³

®Lucrecia¯, CERN �¤¨´ NaI(Tl)-±·¨¸É ²², [9]

∅ 380 ³³× h 380 ³³

Šμ´¸É·Ê±Í¨Ö ¸¶¥±É·μ³¥É·  μ¡¥¸¶¥Î¨¢ ¥É 4π-£¥μ³¥É·¨Õ. NaI-±·¨¸É ²²Ò
§ Ð¨Ð¥´Ò μÉ ¶μ¶ ¤ ´¨Ö ¢ ´¨Ì β-Î ¸É¨Í Éμ´±¨³ ¸²μ¥³ ¡¥·¨²²¨Ö. ˆ¸¸²¥¤Ê¥-
³Ò° · ¤¨μ ±É¨¢´Ò° ¨¸ÉμÎ´¨± Ê¸É ´ ¢²¨¢ ¥É¸Ö (·¨¸. 16) ¶μ Í¥´É·Ê ¢ ´¨¦´¥°
Î ¸É¨ ±μ²μ¤Í   ¢Éμ³ É¨Î¥¸±¨ ¸ ¶μ³μÐÓÕ ²¥´ÉÒ ¨²¨ ¢·ÊÎ´ÊÕ. ‘¶¥±É·μ³¥É·
¶μ§¢μ²Ö¥É ¨§³¥·ÖÉÓ ¸¶¥±É·Ò γ-¨§²ÊÎ¥´¨Ö ¶·¨ β-· ¸¶ ¤¥ Ö¤¥· ± ± ¢ ¸μ¢¶ ¤¥-
´¨ÖÌ ¸ β-Î ¸É¨Í ³¨, É ± ¨ ¡¥§ ¸μ¢¶ ¤¥´¨°.

Š ²¨¡·μ¢±  ¸¶¥±É·μ³¥É·  ¶μ Ô´¥·£¨¨ ¨ ÔËË¥±É¨¢´μ¸É¨ ¶μ²´μ£μ ¶μ£²μÐ¥-
´¨Ö γ-²ÊÎ¥° εtot μ¸ÊÐ¥¸É¢²Ö² ¸Ó ¸ ¶μ³μÐÓÕ ´ ¡μ·  ¸¶¥Í¨ ²Ó´μ ¶·¨£μÉμ¢²¥´-
´ÒÌ · ¤¨μ ±É¨¢´ÒÌ ¨¸ÉμÎ´¨±μ¢ ¸ § · ´¥¥ ¨§¢¥¸É´Ò³¨  ±É¨¢´μ¸ÉÖ³¨ (137Cs,
54Mn, 88Y, 60Co, 22Na ¨ 24Na). 	Ò²μ Ê¸É ´μ¢²¥´μ, ÎÉμ ¤²Ö ´ Ï¥£μ ¸¶¥±É·μ-
³¥É·  Ô´¥·£¥É¨Î¥¸±μ¥ · §·¥Ï¥´¨¥ ¸μ¸É ¢²Ö¥É 12 % ¶·¨ Ô´¥·£¨¨ 1 ŒÔ‚,   ÔË-
Ë¥±É¨¢´μ¸ÉÓ ·¥£¨¸É· Í¨¨ γ-²ÊÎ¥° ¶μ ¶¨±Ê ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö γ-²ÊÎ¥° Å
46 % ¨ ¶·¨ ÔÉμ³ ¢ ¤¨ ¶ §μ´¥ Ô´¥·£¨° 0,1Ä4,5 ŒÔ‚ Ô±¸¶μ´¥´Í¨ ²Ó´μ § ¢¨¸¨É
μÉ ¸Ê³³ ·´μ° Ô´¥·£¨¨ γ-¶¥·¥Ìμ¤μ¢ ¢ ± ¸± ¤¥ Eγ :

εtot = exp (−αEγ), α = 0,78(3) ŒÔ‚−1. (35)

…¸²¨ ¸μμÉ´μÏ¥´¨¥ (35) ¢Ò¶μ²´Ö¥É¸Ö, Éμ ¨´É¥´¸¨¢´μ¸ÉÓ ¶¨±  ¶μ²´μ£μ ¶μ-
£²μÐ¥´¨Ö γ-²ÊÎ¥° ¢ ± ¸± ¤¥ ¶·μ¶μ·Í¨μ´ ²Ó´  ¢¥·μÖÉ´μ¸É¨ § ¸¥²¥´¨Ö ±μ´-
±·¥É´μ£μ Ê·μ¢´Ö ¢ ¤μÎ¥·´¥³ Ö¤·¥ ¶·¨ β-· ¸¶ ¤¥ ¨ ´¥ § ¢¨¸¨É μÉ ¸Ì¥³Ò
· ¸¶ ¤ .

„¥°¸É¢¨É¥²Ó´μ, ¥¸²¨ ³Ò ¨³¥¥³ ´¥±ÊÕ ¸Ì¥³Ê · §·Ö¤±¨ Ê·μ¢´Ö ¸ Ô´¥·£¨¥°
E, § ¸¥²Ö¥³μ£μ ¶·¨ β-· ¸¶ ¤¥, Éμ ¶·¨ ¢Ò¶μ²´¥´¨¨ ¸μμÉ´μÏ¥´¨Ö (35) ÔË-
Ë¥±É¨¢´μ¸ÉÓ ·¥£¨¸É· Í¨¨ ¤²Ö ¶¨±  ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö ¤²Ö ± ¸± ¤  ¨§ n
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�¨¸. 16. �¡Ð Ö ¸Ì¥³  ¤¥É¥±É¨·ÊÕÐ¥° Î ¸É¨ ¸¶¥±É·μ³¥É·  ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö γ-
²ÊÎ¥° [7] �ˆÄ�ˆŸˆ ¤²Ö ¨¸¸²¥¤μ¢ ´¨Ö ¸¨²μ¢ÒÌ ËÊ´±Í¨° β-· ¸¶ ¤ . D-¤¥É¥±Éμ· ¨¸-
¶μ²Ó§Ê¥É¸Ö ¤²Ö ·¥£¨¸É· Í¨¨ β-Î ¸É¨Í

�¨¸. 17. �¡Ð Ö ¸Ì¥³  Ô²¥±É·μ´´μ° ¸¨¸É¥³Ò ¸¶¥±É·μ³¥É·  ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö γ-
²ÊÎ¥° �ˆÄ�ˆŸˆ ¤²Ö ¨¸¸²¥¤μ¢ ´¨Ö ¸¨²μ¢ÒÌ ËÊ´±Í¨° β-· ¸¶ ¤ , £¤¥ PM Å ËμÉμ-
Ô²¥±É·μ´´Ò¥ Ê³´μ¦¨É¥²¨; D Å Si(Au)-¤¥É¥±Éμ·; PA Å ¶·¥¤Ê¸¨²¨É¥²¨; A Å Ê¸¨²¨-
É¥²¨; TFA Å ¡Ò¸É·Ò¥ Ê¸¨²¨É¥²¨; CF Å ¢·¥³¥´´Ò¥ ¤¨¸±·¨³¨´ Éμ·Ò; DL Å ²¨´¨¨
§ ¤¥·¦±¨; ADC Å  ´ ²μ£μ-Í¨Ë·μ¢Ò¥ ¶·¥μ¡· §μ¢ É¥²¨; TDC Å ¢·¥³ÖÍ¨Ë·μ¢μ° ¶·¥-
μ¡· §μ¢ É¥²Ó; KL23K Å ¡²μ± Ê¶· ¢²¥´¨Ö; KK Å ±·¥°É-±μ´É·μ²²¥·
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γ-±¢ ´Éμ¢ ¸ ¶μ²´μ° Ô´¥·£¨¥° E = Eγ1 + . . . + Eγn μ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³
μ¡· §μ³:

εtot(E) = exp (−αEγ1) · · · exp (−αEγn) =
= exp (−α(Eγ1 + . . . + Eγn)) = exp (−αE) (36)

¨ ´¥ § ¢¨¸¨É μÉ ¸Ì¥³Ò γ-¶¥·¥Ìμ¤μ¢. � ²¨Î¨¥ ±μ´¢¥·¸¨¨ γ-¨§²ÊÎ¥´¨Ö ¢´μ-
¸¨É ¸¨¸É¥³ É¨Î¥¸±ÊÕ μÏ¨¡±Ê ¢  ´ ²¨§ ¸¶¥±É·μ¢ ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö. “Î¥É
¤ ´´μ° μÏ¨¡±¨ ³μ¦¥É ¡ÒÉÓ § É·Ê¤´¥´.

‚Ò¶μ²´¥´¨¥ ¸μμÉ´μÏ¥´¨Ö (35) Ö¢²Ö¥É¸Ö ¸ÊÐ¥¸É¢¥´´Ò³ ¤²Ö ¸¶¥±É·μ³¥-
É·  ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö ¨ É·¥¡Ê¥É Ô±¸¶¥·¨³¥´É ²Ó´μ° ¶·μ¢¥·±¨ ¢ ¤¨ ¶ §μ´¥
Ô´¥·£¨° ¤μ §´ Î¥´¨° Qβ. ’ ±¦¥ ¸²¥¤Ê¥É μ¡· É¨ÉÓ ¢´¨³ ´¨¥ ´  ¢ ¦´μ¸ÉÓ
¸μ¡²Õ¤¥´¨Ö 4π-£¥μ³¥É·¨¨ TAGS-¸¶¥±É·μ³¥É· . „¥°¸É¢¨É¥²Ó´μ, ¥¸²¨ ¤²Ö ± ¸-
± ¤  ¨§ n γ-±¢ ´Éμ¢ ³Ò ¡Ê¤¥³ ¨³¥ÉÓ É¥²¥¸´Ò° Ê£μ² ·¥£¨¸É· Í¨¨ Ω, μÉ²¨Î´Ò°
μÉ 4π, Éμ ¤²Ö ÔËË¥±É¨¢´μ¸É¨ ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö ¢³¥¸Éμ (36) ¶μ²ÊÎ¨³

εtot(E) = (Ω/4π)n exp (−αE), (37)

É. ¥. ¸¨²Ó´ÊÕ § ¢¨¸¨³μ¸ÉÓ ÔËË¥±É¨¢´μ¸É¨ ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö μÉ ¸Ì¥³Ò
· ¸¶ ¤ .

�·μÍ¥¤Ê·   ´ ²¨§  ¨ μ¡· ¡μÉ±¨ ¨§³¥·¥´´ÒÌ ´ ³¨ ¸¶¥±É·μ¢ ¸¢μ¤¨² ¸Ó
± ¢ÒÖ¢²¥´¨Õ ¶¨±μ¢ ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö γ-²ÊÎ¥° ¨ μ¶·¥¤¥²¥´¨Õ · ¸¶·¥¤¥-
²¥´¨Ö ¨Ì ¨´É¥´¸¨¢´μ¸É¥° I(E) ¢ § ¢¨¸¨³μ¸É¨ μÉ Ô´¥·£¨¨. ˆ § É¥³ Ê¦¥ ¨§
¶μ²ÊÎ¥´´ÒÌ ¤ ´´ÒÌ μ¡ I(E) ¸É·μ¨² ¸Ó ¸¨²μ¢ Ö ËÊ´±Í¨Ö β-· ¸¶ ¤  Sβ(E) ¸
¨¸¶μ²Ó§μ¢ ´¨¥³ ¸μμÉ´μÏ¥´¨Ö (34).

Œ¥Éμ¤Ò TAGS ¨³¥ÕÉ ·Ö¤ ´¥¤μ¸É É±μ¢, ¸¢Ö§ ´´ÒÌ ¸ ´¨§±¨³ Ô´¥·£¥É¨Î¥-
¸±¨³ · §·¥Ï¥´¨¥³ ¸¶¥±É·μ³¥É·μ¢ ´  ¡ §¥ NaI. �μÔÉμ³Ê ¶·¥¤¸É ¢²ÖÕÉ ¡μ²Ó-
Ïμ° ¨´É¥·¥¸ ¨¸¸²¥¤μ¢ ´¨Ö Sβ(E) ¸ ¶μ³μÐÓÕ ³¥Éμ¤μ¢ γ-¸¶¥±É·μ¸±μ¶¨¨ ¢Ò-
¸μ±μ£μ · §·¥Ï¥´¨Ö.

�¶·¥¤¥²¥´¨¥ Sβ(E), μ¸´μ¢ ´´μ¥ ´  ·¥£¨¸É· Í¨¨ γ-±¢ ´Éμ¢ ¸ ¶μ³μÐÓÕ
¶μ²Ê¶·μ¢μ¤´¨±μ¢ÒÌ HPGe-¤¥É¥±Éμ·μ¢, ¶μ§¢μ²Ö¥É ¶μ²ÊÎ ÉÓ ± Î¥¸É¢¥´´μ ´μ¢ÊÕ
¨´Ëμ·³ Í¨Õ μ ¸É·Ê±ÉÊ·¥ Sβ(E). ‘É ´¤ ·É´μ¥ Ô´¥·£¥É¨Î¥¸±μ¥ · §·¥Ï¥´¨¥
HPGe-¤¥É¥±Éμ·μ¢, ¨¸¶μ²Ó§Ê¥³ÒÌ ¤²Ö ¨§³¥·¥´¨Ö ¸¶¥±É·μ¢ γ-²ÊÎ¥°, ¸μ¸É ¢²Ö¥É
¢¥²¨Î¨´Ê ´¥ ÌÊ¦¥ 0,2 %. ‘ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¨§³¥·¥´´ÒÌ ¸¶¥±É·μ¢ γ-±¢ ´Éμ¢,
³ É·¨Í γγt-¸μ¢¶ ¤¥´¨° ¨ ¸¶¥±É·μ¢ Ô²¥±É·μ´μ¢ ¢´ÊÉ·¥´´¥° ±μ´¢¥·¸¨¨ (�‚Š)
¸É·μ¨²¨¸Ó ¸Ì¥³Ò · ¸¶ ¤  ¨¸¸²¥¤Ê¥³ÒÌ Ö¤¥·. ˆ§ ¤ ´´ÒÌ μ ¸Ì¥³¥ · ¸¶ ¤ 
μ¶·¥¤¥²Ö²¨¸Ó ¢¥²¨Î¨´Ò ft, ¨ ¸ ¶μ³μÐÓÕ ¸μμÉ´μÏ¥´¨Ö

∫
ΔE

Sβ(E) dE =
∑
ΔE

1/(ft) (38)

¨§¢²¥± ² ¸Ó ¨´Ëμ·³ Í¨Ö μ ¸¨²μ¢μ° ËÊ´±Í¨¨ Sβ(E).
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� ³¨ ¢¶¥·¢Ò¥ ¡Ò²  ·¥Ï¥´  § ¤ Î  μ¶·¥¤¥²¥´¨Ö Sβ(E) ¨ ¥¥ Éμ´±μ° ¸É·Ê±-
ÉÊ·Ò ¸ ¶μ³μÐÓÕ ³¥Éμ¤μ¢ Ö¤¥·´μ° ¸¶¥±É·μ¸±μ¶¨¨ ¢Ò¸μ±μ£μ · §·¥Ï¥´¨Ö ¤²Ö
β+/EC-· ¸¶ ¤  ¸Ë¥·¨Î¥¸±μ£μ Ö¤·  147gTb (T1/2 = 1,6 Î, QEC = 4,6 ŒÔ‚),
¤¥Ëμ·³¨·μ¢ ´´μ£μ Ö¤·  160gHo (T1/2 = 25,6 ³¨´, QEC = 3,3 ŒÔ‚) ¨ ¨§μ³¥· 
160mHo (2−; 5,02 Î, QEC = 3346 ±Ô‚). “± § ´´Ò¥ Ö¤·  ¡Ò²¨ ¢Ò¡· ´Ò ¢ ± Î¥-
¸É¢¥ μ¡Ñ¥±Éμ¢ ¨¸¸²¥¤μ¢ ´¨Ö ¢¸²¥¤¸É¢¨¥ ¤μ¸É ÉμÎ´μ ¡μ²ÓÏμ° ¢¥²¨Î¨´Ò QEC,
¤μ¸É ÉμÎ´μ ¡μ²ÓÏ¨Ì ¶¥·¨μ¤μ¢ ¶μ²Ê· ¸¶ ¤  T1/2 ¨ ¸ÊÐ¥¸É¢ÊÕÐ¥° ¢ �ˆŸˆ
(„Ê¡´ ) ¢μ§³μ¦´μ¸É¨ ÔËË¥±É¨¢´μ£μ ¶μ²ÊÎ¥´¨Ö ³μ´μ¨§μÉμ¶´ÒÌ · ¤¨μ ±É¨¢-
´ÒÌ ¨¸ÉμÎ´¨±μ¢ ¢Ò¸μ±μ° Î¨¸ÉμÉÒ ¤²Ö ¤ ´´ÒÌ Ö¤¥· ´  ±μ³¶²¥±¸¥ Ÿ‘����-2.
‚ ± Î¥¸É¢¥ ¨¸ÉμÎ´¨±  ¢ ¸²ÊÎ ¥ 160m,gHo ¨¸¶μ²Ó§μ¢ ²¸Ö ³ É¥·¨´¸±¨° ¥³Ê ¨§μ-
Éμ¶ 160Er (T1/2 = 28,6 Î).

�¨¦¥ ¶·¨¢¥¤¥´Ò μ¸´μ¢´Ò¥ ¸¢¥¤¥´¨Ö μ ¸¶μ¸μ¡ Ì ¶μ²ÊÎ¥´¨Ö ¨¸¸²¥¤Ê¥³ÒÌ
· ¤¨μ ±É¨¢´ÒÌ ¨¸ÉμÎ´¨±μ¢ ¨ Ì · ±É¥·¨¸É¨± Ì ¨¸¶μ²Ó§Ê¥³ÒÌ ¢ ÔÉ¨Ì ¨§³¥·¥-
´¨ÖÌ ¸¶¥±É·μ³¥É·μ¢.

�μ²ÊÎ¥´¨¥ · ¤¨μ ±É¨¢´ÒÌ ¨¸ÉμÎ´¨±μ¢
” §μÉ·μ´ Ip = 2,5 ³±�, Ep = 660 ŒÔ‚
Œ¨Ï¥´Ó Ta, ³ ¸¸  5 £
�¥ ±Í¨Ö ƒ²Ê¡μ±μ£μ · ¸Ð¥¶²¥´¨Ö Ta + p
•¨³¨Ö ‚Ò¤¥²¥´¨¥ Ë· ±Í¨¨ (Δt ∼ 2 Î)
Œ ¸¸-¸¥¶ · Í¨Ö � §¤¥²¥´¨¥ Ë· ±Í¨¨ ¶μ ¨§μÉμ¶ ³ (Δt ∼ 30 ³¨´)

´  ±μ³¶²¥±¸¥ Ÿ‘����-2

ˆ¸¶μ²Ó§Ê¥³Ò¥ ¸¶¥±É·μ³¥É·Ò
„²Ö ¸¶¥±É·μ¢ γ-²ÊÎ¥° ¨ γγt-¸μ¢¶ ¤¥´¨°

HPGe (19%) ΔEγ = 1,8 ±Ô‚ (60Co)
HPGe (28%) ΔEγ = 1,9 ±Ô‚ (60Co)
HPGe (50%) ΔEγ = 2,0 ±Ô‚ (60Co)
HPGe (2 ¸³3) ΔEγ = 580 Ô‚ ´  γ120 ±Ô‚.

„²Ö ¸¶¥±É·μ¢ �‚Š
®Œ¨´¨- ¶¥²Ó¸¨´¯ ΔEe = 2,3 ±Ô‚ (207Bi)
β-¸¶¥±É·μ£· ËÒ ΔEe = 0,03−0,05%.

‡¤¥¸Ó ´¥μ¡Ìμ¤¨³μ μÉ³¥É¨ÉÓ, ÎÉμ ¤²Ö ¤μ¸É¨¦¥´¨Ö ¨¸Î¥·¶Ò¢ ÕÐ¥£μ ¨ ¤μ-
¸Éμ¢¥·´μ£μ ·¥§Ê²ÓÉ É  ¢ μ¶·¥¤¥²¥´¨¨ Sβ(E) ³¥Éμ¤ ³¨ γ-¸¶¥±É·μ¸±μ¶¨¨ ¢Ò-
¸μ±μ£μ · §·¥Ï¥´¨Ö ¶μ²ÊÎ¥´´Ò¥ ¤ ´´Ò¥ μ ¸Ì¥³¥ · ¸¶ ¤  ¤μ²¦´Ò μ¡² ¤ ÉÓ
¶·¥¤¥²Ó´μ° ¶μ²´μÉμ°.

Šμ³¡¨´ Í¨Ö ¸¶¥±É·μ¸±μ¶¨¨ ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö γ-²ÊÎ¥° ¸ ³¥Éμ¤ ³¨
Ö¤¥·´μ° ¸¶¥±É·μ¸±μ¶¨¨ ¢Ò¸μ±μ£μ · §·¥Ï¥´¨Ö ¶μ§¢μ²Ö¥É ¤¥² ÉÓ § ±²ÕÎ¥´¨Ö
μ ¶μ²´μÉ¥ ¸Ì¥³ · ¸¶ ¤  ¨ ¢ÒÖ¢²ÖÉÓ μ¡² ¸É¨ Ô´¥·£¨° ¢μ§¡Ê¦¤¥´¨Ö Ö¤¥·, £¤¥
¸Ì¥³  · ¸¶ ¤  ´¥ ¶μ²´ . „²Ö ¤μ¸É ÉμÎ´μ ¶μ²´μ° ¸Ì¥³Ò · ¸¶ ¤  ¸μμÉ´μÏ¥-
´¨¥ (38) ¤μ²¦´μ ¢Ò¶μ²´ÖÉÓ¸Ö ¢ ¶·¥¤¥² Ì ¶μ£·¥Ï´μ¸É¥° Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¤ ´´ÒÌ.
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6. ’…��…’ˆ—…‘Š�… ��ˆ‘��ˆ… Sβ(E)

’¥μ·¥É¨Î¥¸±μ¥ μ¶¨¸ ´¨¥ ¸É·Ê±ÉÊ·Ò ¸¨²μ¢ÒÌ ËÊ´±Í¨° β-¶¥·¥Ìμ¤μ¢ ´  ³¨-
±·μ¸±μ¶¨Î¥¸±μ³ Ê·μ¢´¥ É¥¸´μ ¸¢Ö§ ´μ ¸ § ¤ Î ³¨  ´ ²¨§   ¸É·μË¨§¨Î¥¸±¨Ì ¨
É¥·³μÖ¤¥·´ÒÌ ¶·μÍ¥¸¸μ¢, μ¶¨¸ ´¨¥³ ¢¥²¨Î¨´ log ft ¤²Ö β-¶¥·¥Ìμ¤μ¢ ³¥¦¤Ê
´¨§±μ²¥¦ Ð¨³¨ ¸μ¸ÉμÖ´¨Ö³¨  Éμ³´ÒÌ Ö¤¥·,  ´ ²¨§μ³ § ¶ §¤Ò¢ ÕÐ¨Ì ¶·μ-
Í¥¸¸μ¢, ¨§ÊÎ¥´¨¥³ § ·Ö¤μ¢μ-μ¡³¥´´ÒÌ ·¥ ±Í¨° ¨ ·Ö¤μ³ ¤·Ê£¨Ì § ¤ Î Ö¤¥·´μ°
Ë¨§¨±¨ [1Ä3].

‚¢¥¤¥´¨¥ μ¸É ÉμÎ´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö É¨¶ 

Vττ =
1
2
Gτ (τ1τ2), (39)

£¤¥ τi Å μ¶¥· Éμ· ¨§μ¸¶¨´ , ¶μ§¢μ²¨²μ μ¡μ¸´μ¢ ÉÓ ¸ÊÐ¥¸É¢μ¢ ´¨¥ ±μ²²¥±-
É¨¢´μ£μ ¸μ¸ÉμÖ´¨Ö Å ¨§μÉμ¶¨Î¥¸±μ£μ  ´ ²μ£  (¨²¨ ¨§μ¡ ·- ´ ²μ£μ¢μ£μ ·¥§μ-
´ ´¸ , IAR, ·¨¸. 1) μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö ³ É¥·¨´¸±μ£μ Ö¤· , ¢¡¨· ÕÐ¥£μ ¢
¸¥¡Ö μ¸´μ¢´ÊÕ ¸¨²Ê β-¶¥·¥Ìμ¤μ¢ É¨¶  ”¥·³¨, ¨ ± ± ¸²¥¤¸É¢¨¥ Å §´ Î¨É¥²Ó-
´μ¥ (∼ 104 · §) ¶μ¤ ¢²¥´¨¥ 0+ → 0+ β-¶¥·¥Ìμ¤μ¢ [96, 97].

Œ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ GT ´  ´¨§±μ²¥¦ Ð¨¥ ¸μ¸ÉμÖ´¨Ö Ö¤¥· É ±¦¥ μ± §Ò-
¢ ÕÉ¸Ö ¶μ¤ ¢²¥´´Ò³¨ ¢ 10Ä100 · § ¶μ ¸· ¢´¥´¨Õ ¸ μ¤´μÎ ¸É¨Î´Ò³¨ μÍ¥´-
± ³¨. „²Ö μ¡ÑÖ¸´¥´¨Ö ¶μ¤ ¢²¥´¨Ö GT-¶¥·¥Ìμ¤μ¢ ¡Ò²μ ¢¢¥¤¥´μ μ¸É ÉμÎ´μ¥
¢§ ¨³μ¤¥°¸É¢¨¥ [36, 98, 99]:

Vττσσ =
1
2
Gτσ(τ1τ2)(σ1σ2), (40)

£¤¥ σi Å ¸¶¨´μ¢Ò° μ¶¥· Éμ·.
�¤¨´ ¨§ ¶¥·¢ÒÌ ³¨±·μ¸±μ¶¨Î¥¸±¨Ì · ¸Î¥Éμ¢ ¸É·Ê±ÉÊ·Ò Sβ(E) ¤²Ö β-

¶¥·¥Ìμ¤μ¢ ƒ ³μ¢ Ä’¥²²¥·  ¸ ÊÎ¥Éμ³ μ¡μ²μÎ¥Î´ÒÌ ÔËË¥±Éμ¢ ¨ μ¸É ÉμÎ´μ£μ
¢§ ¨³μ¤¥°¸É¢¨Ö (40), ¶μ§¢μ²¨¢Ï¨° μ¡ÑÖ¸´¨ÉÓ § ¶ §¤Ò¢ ÕÐ¥¥ ¤¥²¥´¨¥ 236,238U,
¡Ò² ¶·μ¢¥¤¥´ ¢ [1]. � ¸Î¥ÉÒ ¶·μ¢μ¤¨²¨¸Ó ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶·¨¡²¨¦¥´¨Ö
’ ³³ Ä„ ´±μ¢  (TDA-³μ¤¥²Ó). �¸É ´μ¢¨³¸Ö ¶μ¤·μ¡´¥¥ ´  TDA-³μ¤¥²¨, ¶μ-
¸±μ²Ó±Ê μ¸´μ¢´Ò¥ ¶·¨´Í¨¶Ò, ¨¸¶μ²Ó§μ¢ ´´Ò¥ ¢ [1] ¨ § ²μ¦¥´´Ò¥ ¢ ÔÉÊ ³μ-
¤¥²Ó, ¨¸¶μ²Ó§ÊÕÉ¸Ö ¢μ ³´μ£¨Ì ¸μ¢·¥³¥´´ÒÌ ¨¸¸²¥¤μ¢ ´¨ÖÌ [2Ä4, 26, 27]. ƒ -
³¨²ÓÉμ´¨ ´ ¸¨¸É¥³Ò (H) ¶·¥¤¸É ¢²Ö²¸Ö ¢ ¢¨¤¥ ¸Ê³³Ò μ¤´μÎ ¸É¨Î´μ° Î ¸É¨
(Hsp) ³μ¤¥²¨ μ¡μ²μÎ¥± ¨ § ·Ö¤μ¢μ-μ¡³¥´´ÒÌ μ¸É ÉμÎ´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° (V ):

H = Hsp + V, (41)

£¤¥ V = Vττ + Vττσσ. ‚ ± Î¥¸É¢¥ ¡ §¨¸´ÒÌ ËÊ´±Í¨° (·¨¸. 1, É ¡². 1) ¢Ò-
¡¨· ÕÉ ¸μ¸ÉμÖ´¨Ö, ¶μ²ÊÎ ÕÐ¨¥¸Ö ¨§ ³ É¥·¨´¸±μ£μ ¸μ¸ÉμÖ´¨Ö |Ψ0〉 ¶μ¤ ¤¥°-
¸É¢¨¥³ μ¶¥· Éμ·  β-· ¸¶ ¤  ƒ ³μ¢ Ä’¥²²¥·  [2]. ’μ£¤  ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ
μ¸É ÉμÎ´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö V ¶·¥¤¸É ¢²ÖÕÉ¸Ö ¢ Ë ±Éμ·¨§μ¢ ´´μ³ ¢¨¤¥:

〈f |V |f
′
〉 =

G

2
VfVf ′ , (42)
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£¤¥ Vf ¶·μ¶μ·Í¨μ´ ²Ó´Ò [2]  ³¶²¨ÉÊ¤ ³ β-¶¥·¥Ìμ¤μ¢ ´  ¡ §¨¸´Ò¥ ¸μ¸ÉμÖ´¨Ö
|f〉, ¨³¥ÕÐ¨¥ Ô´¥·£¨Õ ¢μ§¡Ê¦¤¥´¨Ö Ef .

’ ±, ¤²Ö β−-· ¸¶ ¤  ƒ ³μ¢ Ä’¥²²¥·  N -´¥Î¥É´μ£μ Ö¤·  ¡ §¨¸´Ò¥ ¸μ¸ÉμÖ-
´¨Ö ¢±²ÕÎ ÕÉ μ¤´μÎ ¸É¨Î´Ò¥ ¶·μÉμ´´Ò¥ |jp1〉 ¸μ¸ÉμÖ´¨Ö ¨ É·¥Ì±¢ §¨Î ¸É¨Î-
´Ò¥ ¸μ¸ÉμÖ´¨Ö |[jn1 ⊗ (jp ⊗ jn−)]J 〉 ¸μ ¸¶¨´μ³ J = jn1, jn1 ± 1.

„²Ö β+/EC-· ¸¶ ¤  Z-´¥Î¥É´μ£μ Ö¤·  ¸ ´¥Î¥É´Ò³ ¶·μÉμ´μ³ |jp1〉 ¡ -
§¨¸´Ò¥ ¸μ¸ÉμÖ´¨Ö ¢±²ÕÎ ÕÉ μ¤´μÎ ¸É¨Î´Ò¥ ´¥°É·μ´´Ò¥ |jn1〉 ¨ É·¥Ì±¢ §¨Î -
¸É¨Î´Ò¥ ¸μ¸ÉμÖ´¨Ö |[jp1 ⊗ (jn ⊗ jp−)]J 〉, J = jp1, jp1 ± 1.

„¨ £μ´ ²¨§ Í¨Ö ³ É·¨ÍÒ

Hff ′ = Efδff ′ + GτσVfVf ′ (43)

¤ ¥É Ô´¥·£¨¨ ¨ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ¸μ¸ÉμÖ´¨° ¤μÎ¥·´¥£μ Ö¤· , § ¸¥²Ö¥³ÒÌ ¶·¨
β-¶¥·¥Ìμ¤ Ì ƒ ³μ¢ Ä’¥²²¥· , ¨ ¶μ§¢μ²Ö¥É μ¶·¥¤¥²¨ÉÓ Sβ(E) [2].

‚ Ì · ±É¥·¥ Sβ(E) ¤²Ö β+- ¨ β−-· ¸¶ ¤μ¢ ¨³¥¥É¸Ö ¶·¨´Í¨¶¨ ²Ó´μ¥
· §²¨Î¨¥. ‚ ¸¨²μ¢ÒÌ ËÊ´±Í¨ÖÌ β−-· ¸¶ ¤  μ¸´μ¢´μ° ³ ±¸¨³Ê³ · ¸¶μ²μ¦¥´
(·¨¸. 1, É ¡². 1) ¢¡²¨§¨ ¨§μ¡ ·- ´ ²μ£μ¢μ£μ ·¥§μ´ ´¸  (IAR). ‚ Sβ(E) ¤²Ö β+-
· ¸¶ ¤  ¶μ²μ¦¥´¨¥ ³ ±¸¨³Ê³  ´¥²Ó§Ö ¸¢Ö§Ò¢ ÉÓ ¸ ¶μ²μ¦¥´¨¥³  ´ ²μ£  [2],
É ± ± ± ¢ Ö¤· Ì ¸ TZ > 0 (N > Z) ´¥É  ´ ²μ£μ¢μ£μ ¸μ¸ÉμÖ´¨Ö ¶μ μÉ´μÏ¥-
´¨Õ ± β+-· ¸¶ ¤Ê. ƒ² ¢´μ¥ μÉ²¨Î¨¥ ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ Ô´¥·£¨¨ ¢μ§¡Ê¦¤¥´¨Ö
¡ §¨¸´ÒÌ ¸μ¸ÉμÖ´¨° μÉ¸Î¨ÉÒ¢ ÕÉ¸Ö μÉ μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö ¤μÎ¥·´¥£μ Ö¤· ,
¨ ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  Sβ(E) ¤²Ö β+-· ¸¶ ¤  ¡μ²¥¥ ÎÊ¢¸É¢¨É¥²Ó´Ò ± ¢Ò¡μ·Ê
¸·¥¤´¥£μ ¶μ²Ö ¨ ÊÎ¥ÉÊ · §²¨Î´μ£μ ·μ¤  ±μ··¥²ÖÍ¨° [2Ä4].

‚ ¶μ¸²¥¤´¨¥ £μ¤Ò Ï¨·μ±μ¥ · ¸¶·μ¸É· ´¥´¨¥ ¶·¨ · ¸Î¥É Ì Sβ(E) ¶μ-
²ÊÎ¨²¨ ³μ¤¥²¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ QRPA-¶·¨¡²¨¦¥´¨Ö [100]. ‚ ¶μ¤Ìμ¤ Ì,
¨¸¶μ²Ó§ÊÕÐ¨Ì QRPA-¶·¨¡²¨¦¥´¨¥, ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ¸É·μÖÉ¸Ö ´  μ¸´μ¢¥
Éμ° ¨²¨ ¨´μ° μ¤´μÎ ¸É¨Î´μ° ³μ¤¥²¨ ¸μ ¸¶ ·¨¢ ´¨¥³ ¨ μ¸É ÉμÎ´Ò³ ¢§ ¨-
³μ¤¥°¸É¢¨¥³ § ·Ö¤μ¢μ-μ¡³¥´´μ£μ É¨¶ , ±μÉμ·μ¥ É· ±ÉÊ¥É¸Ö ¢ ¶·¨¡²¨¦¥´¨¨
¸²ÊÎ °´ÒÌ Ë § [101].

Œμ¤¥²Ó μ¡μ²μÎ¥± ¢ ¸μÎ¥É ´¨¨ ¸ QRPA ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ ´ ¤²¥¦ Ð¨³
μ¡· §μ³ ÊÎ¨ÉÒ¢ ÉÓ ¸É·Ê±ÉÊ·Ê Ö¤·  ¨ · ¸¸Î¨ÉÒ¢ ÉÓ ¸³¥Ï¨¢ ´¨¥ ±μ´Ë¨£Ê· Í¨°,
ÎÉμ ¶μ§¢μ²Ö¥É μ¶¨¸Ò¢ ÉÓ ¸É·Ê±ÉÊ·Ê Sβ(E). ‚ BCS+ RPA ³μ¤¥²¨ [102, 103]
´¥ ÊÎ¨ÉÒ¢ ¥É¸Ö ¤¨´ ³¨Î¥¸±μ¥ ¸¶ ·¨¢ ´¨¥ (ÔËË¥±É¨¢´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ¢ ± -
´ ²¥ Î ¸É¨Í ÄÎ ¸É¨Í , ±μÉμ·μ¥ ´ §Ò¢ ÕÉ ¥Ð¥ ¶·μÉμ´-´¥°É·μ´´Ò³ ¸¶ ·¨¢ -
´¨¥³ ¸ T = 0). “Î¥É pp-¢§ ¨³μ¤¥°¸É¢¨Ö ´¥μ¡Ìμ¤¨³ ¤²Ö ±μ··¥±É´μ£μ μ¶¨¸ ´¨Ö
Sβ(E). ‚ ¶μ²´ÒÌ Ê· ¢´¥´¨ÖÌ QRPA ¤¨´ ³¨Î¥¸±μ¥ T = 0 ¸¶ ·¨¢ ´¨¥ ¢¸¥£¤ 
¶·¨¸ÊÉ¸É¢Ê¥É,   ¨§μÉ·¨¶²¥É´μ¥ T = 1 ¸¶ ·¨¢ ´¨¥ ¢±²ÕÎ¥´μ ´  Ê·μ¢´¥ BCS.

“Î¥É ´¥¶·¥·Ò¢´μ£μ ¸¶¥±É·  ¤²Ö § ·Ö¤μ¢μ-μ¡³¥´´ÒÌ ¢μ§¡Ê¦¤¥´¨° ¢ ¸¢¥·Ì-
É¥±ÊÎ¨Ì Ö¤· Ì ¢Ò¶μ²´¥´ ¢ · ³± Ì ±μ´É¨´ÊÊ³-QRPA-³μ¤¥²¨ (CQRPA-³μ¤¥²¨).
� ¸Î¥É Ì · ±É¥·¨¸É¨± ¡¥É -· ¸¶ ¤  ¢ · ³± Ì CQRPA ¸ ÊÎ¥Éμ³ ¸¶ ·¨¢ ´¨Ö ¨
ÔËË¥±É¨¢´ÒÌ ¸¶¨´-¨§μ¸¶¨´μ¢ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ¢ ± ´ ² Ì Î ¸É¨Í ÄÎ ¸É¨Í 
(pp), Î ¸É¨Í Ä¤Ò·±  (ph) ¤²Ö Ï¨·μ±μ£μ ±·Ê£  Ö¤¥· ¶·μ¤¥² ´ ¢ [29, 42, 104].
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„²Ö ±μ··¥±É´μ£μ μ¶¨¸ ´¨Ö Sβ(E) ¸ ÊÎ¥Éμ³ ¸¶¨´-¨§μ¸¶¨´μ¢μ£μ ¢§ ¨³μ-
¤¥°¸É¢¨Ö ¢ ph- ¨ pp-± ´ ² Ì ¤μ²¦¥´ ¸μ¡²Õ¤ ÉÓ¸Ö ´¥μ¡Ìμ¤¨³Ò° ¡ ² ´¸ μÉÉ ²-
±¨¢ É¥²Ó´ÒÌ ¨ ¶·¨ÉÖ£ É¥²Ó´ÒÌ ±μ³¶μ´¥´É ¢§ ¨³μ¤¥°¸É¢¨Ö, ´¥ ¶·¨¢μ¤ÖÐ¨° ±
´¥Ê¸Éμ°Î¨¢μ¸É¨ QRPA.

�¤´¨³ ¨§ ´ ¨¡μ²¥¥ ¶μ¸²¥¤μ¢ É¥²Ó´ÒÌ ¶μ¤Ìμ¤μ¢ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¸¥¶ -
· ¡¥²Ó´ÒÌ ph- ¨ pp-¢§ ¨³μ¤¥°¸É¢¨° Ö¢²Ö¥É¸Ö ±¢ §¨Î ¸É¨Î´μ-Ëμ´μ´´ Ö ³μ-
¤¥²Ó [105], ÊÎ¨ÉÒ¢ ÕÐ Ö ¢±² ¤ ¸²μ¦´ÒÌ ±μ´Ë¨£Ê· Í¨° ¢ ¢μ²´μ¢μ° ËÊ´±Í¨¨
Ö¤· . „ ´´Ò° É¨¶ ³μ¤¥²¥° (QPM, MQPM) ¸ÊÐ¥¸É¢¥´´μ · §¢¨É ¢ ¶μ¸²¥¤´¥¥
¢·¥³Ö ¨ ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ · ¸Î¥É  ¢ ¡μ²ÓÏ¨Ì ¡ §¨¸´ÒÌ ¶·μ¸É· ´¸É¢ Ì [7, 24].

�¸μ¡¥´´μ  ±ÉÊ ²Ó´μ° ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö Ö¢²Ö¥É¸Ö § ¤ Î   ¤¥±¢ É´μ£μ
ÊÎ¥É  ¤¥Ëμ·³ Í¨¨  Éμ³´ÒÌ Ö¤¥· ¢ · ¸Î¥É Ì Sβ(E) [20, 21]. �¥¤ ¢´μ · §¢¨-
ÉÒ° ¶μ¤Ìμ¤ [106, 107], ÊÎ¨ÉÒ¢ ÕÐ¨° ÔËË¥±ÉÒ  ´£ ·³μ´¨Î´μ¸É¨ (pnMAVA)
¢ ¸μÎ¥É ´¨¨ ¸ QRPA, ¶μ§¢μ²Ö¥É ¶·μ¢μ¤¨ÉÓ · ¸Î¥ÉÒ Sβ(E) ¤²Ö ¶¥·¥Ìμ¤´ÒÌ ¨
¸² ¡μ¤¥Ëμ·³¨·μ¢ ´´ÒÌ Ö¤¥·.

‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¸ÊÐ¥¸É¢ÊÕÐ¨¥ ³μ¤¥²¨ · ¸Î¥É  Sβ(E) ´¥ ¶·¥É¥´-
¤ÊÕÉ ´  ¶μ²´μ¥ ¨ ¨¸Î¥·¶Ò¢ ÕÐ¥¥ μ¶¨¸ ´¨¥ β-¶·μÍ¥¸¸ . �¤´ ±μ ¸ ¨Ì ¶μ-
³μÐÓÕ ³μ¦´μ ¤μ¸É ÉμÎ´μ ´¥¶²μÌμ μ¶¨¸Ò¢ ÉÓ ¶μ²μ¦¥´¨Ö ¨ μÉ´μ¸¨É¥²Ó´Ò¥
¨´É¥´¸¨¢´μ¸É¨ ¶¨±μ¢ ¢ Sβ(E). �¥¸μ³´¥´´μ, ÎÉμ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥
¶μ Sβ(E), μ¸μ¡¥´´μ ¶μ Éμ´±μ° ¸É·Ê±ÉÊ·¥ Sβ(E), ¸É¨³Ê²¨·ÊÕÉ ¤ ²Ó´¥°Ï¥¥
· §¢¨É¨¥ ¶μ¤Ìμ¤μ¢ ± · ¸Î¥É ³ ¸¨²μ¢ÒÌ ËÊ´±Í¨° β-¶¥·¥Ìμ¤μ¢.

7. ˆ‘‘‹…„�‚��ˆŸ ‘’�“Š’“�› Sβ(E) ‘ ��Œ�™œ� TAGS

‚ ¶μ¸²¥¤´¨¥ £μ¤Ò ¸¶¥±É·μ³¥É·Ò ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö £ ³³ -¨§²ÊÎ¥´¨Ö
(TAGS) Ï¨·μ±μ ¶·¨³¥´Ö²¨¸Ó ¤²Ö ¨¸¸²¥¤μ¢ ´¨Ö ¸É·Ê±ÉÊ·Ò Sβ(E) [2Ä16].

ˆ¸¶μ²Ó§μ¢ ´¨¥ TAGS ¶μ§¢μ²¨²μ ´ ¤¥¦´μ ¤μ± § ÉÓ ·¥§μ´ ´¸´ÊÕ ¸É·Ê±-
ÉÊ·Ê Sβ(E). �¤´ ±μ ¨§³¥·¥´¨¥ Sβ(E) ¸ ¶μ³μÐÓÕ TAGS-¸¶¥±É·μ³¥É·μ¢ ´ 
¡ §¥ NaI-±·¨¸É ²²μ¢ ¶μ§¢μ²Ö¥É μ¶·¥¤¥²¨ÉÓ Ì · ±É¥·¨¸É¨±¨ ²¨ÏÓ μ¤´μ£μ ¨²¨
¤¢ÊÌ ¶¨±μ¢ ¢ Sβ(E) ¨ ¶·¨ μ¡· ¡μÉ±¥ ¸¶¥±É·μ¢ μÎ¥´Ó Î ¸Éμ ¢μ§´¨± ÕÉ ´¥μ¶·¥-
¤¥²¥´´μ¸É¨ [7, 20, 21].

„²Ö ¤¥É ²Ó´μ£μ ¨§ÊÎ¥´¨Ö Sβ(E) ´¥μ¡Ìμ¤¨³μ ¶·¨³¥´ÖÉÓ ³¥Éμ¤Ò Ö¤¥·´μ°
¸¶¥±É·μ¸±μ¶¨¨ ¢Ò¸μ±μ£μ · §·¥Ï¥´¨Ö. Œ¥Éμ¤Ò Ö¤¥·´μ° ¸¶¥±É·μ¸±μ¶¨¨ ¨¸-
¶μ²Ó§ÊÕÉ¸Ö ¤²Ö ¶μ¸É·μ¥´¨Ö ¤¥É ²Ó´μ° ¸Ì¥³Ò · ¸¶ ¤   Éμ³´μ£μ Ö¤·  ¨ ¶μ-
¸²¥¤ÊÕÐ¥£μ ¶μ¸É·μ¥´¨Ö ¤¥É ²Ó´μ° ¸¨²μ¢μ° ËÊ´±Í¨¨ ¡¥É -· ¸¶ ¤ . Œ¥Éμ¤Ò
TAGS ¨¸¶μ²Ó§ÊÕÉ¸Ö ¤²Ö ±μ´É·μ²Ö ¶μ²´μÉÒ ¸Ì¥³ · ¸¶ ¤ . ‘μ¢¶ ¤¥´¨¥ ¢ ¶·¥-
¤¥² Ì ¶μ£·¥Ï´μ¸É¥° Sβ(E), ¨§³¥·¥´´μ° ¸ ¶μ³μÐÓÕ TAGS ¨ ¸ ¶μ³μÐÓÕ ³¥Éμ-
¤μ¢ Ö¤¥·´μ° ¸¶¥±É·μ¸±μ¶¨¨ ¢Ò¸μ±μ£μ · §·¥Ï¥´¨Ö, ¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ ¶μ²´μÉ¥
¶μ¸É·μ¥´´ÒÌ ¸Ì¥³ · ¸¶ ¤ . ‚μ§³μ¦´μ¸ÉÓ ¶μ¸É·μ¥´¨Ö ¤¥É ²Ó´ÒÌ ¸Ì¥³ · ¸¶ ¤ 
¢¶²μÉÓ ¤μ Ô´¥·£¨° ¢μ§¡Ê¦¤¥´¨Ö 4Ä5 ŒÔ‚ ¶μÖ¢¨² ¸Ó ¢ ¶μ¸²¥¤´¨¥ £μ¤Ò ¡² £μ-
¤ ·Ö Ê¢¥²¨Î¥´¨Õ ÔËË¥±É¨¢´μ¸É¨ HPGe-¤¥É¥±Éμ·μ¢ γ-¨§²ÊÎ¥´¨Ö ¨ · §¢¨É¨Õ
³¥Éμ¤¨±¨ ¶μ²ÊÎ¥´¨Ö ³μ´μ¨§μÉμ¶´ÒÌ ¨¸ÉμÎ´¨±μ¢ ¨¸¸²¥¤Ê¥³ÒÌ Ö¤¥·.
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ˆ¸¶μ²Ó§μ¢ ´¨¥ TAGS-¸¶¥±É·μ³¥É·μ¢ ¢ ¸μÎ¥É ´¨¨ ¸ ³¥Éμ¤ ³¨ Ö¤¥·´μ°
¸¶¥±É·μ¸±μ¶¨¨ ¢Ò¸μ±μ£μ · §·¥Ï¥´¨Ö, · §¢¨¢ ¥³μ¥ ¢ �ˆŸˆ, Ö¢²Ö¥É¸Ö ´μ¢Ò³
¶μ¤Ìμ¤μ³ ± ¨¸¸²¥¤μ¢ ´¨Õ ¸¢μ°¸É¢ · ¸¶ ¤   Éμ³´ÒÌ Ö¤¥· [20, 21, 46, 47].

‘¶¥±É·μ³¥É· ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö, ¸μ§¤ ´´Ò° ¢ ±μ²² ¡μ· Í¨¨ �ˆÄ�ˆŸˆ,
¡Ò² ¸ Ê¸¶¥Ìμ³ ¨¸¶μ²Ó§μ¢ ´ ¤²Ö ¨¸¸²¥¤μ¢ ´¨Ö ¸É·Ê±ÉÊ·Ò ¸¨²μ¢ÒÌ ËÊ´±Í¨° ¢
¸μÎ¥É ´¨¨ c ³¥Éμ¤ ³¨ Ö¤¥·´μ° ¸¶¥±É·μ¸±μ¶¨¨ ¢Ò¸μ±μ£μ · §·¥Ï¥´¨Ö [7, 18Ä
21, 34, 45Ä48] ´  ±μ³¶²¥±¸¥ Ÿ‘����-2 ¢ „Ê¡´¥.

‘Ì¥³  ’AGS-¸¶¥±É·μ³¥É·  ¶·¨¢¥¤¥´  ´  ·¨¸. 16. �ËË¥±É¨¢´μ¸ÉÓ ·¥£¨-
¸É· Í¨¨ γ-²ÊÎ¥° εtot ¢ ¨¸¸²¥¤Ê¥³μ³ ´ ³¨ ¤¨ ¶ §μ´¥ Ô´¥·£¨° ¢μ§¡Ê¦¤¥´¨Ö
¢ ¤μÎ¥·´¨Ì Ö¤· Ì 147Gd (0,1Ä4,6 ŒÔ‚) ¶μ ¶¨±Ê ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö Ô±¸-
¶μ´¥´Í¨ ²Ó´μ § ¢¨¸¨É μÉ ¸Ê³³ ·´μ° Ô´¥·£¨¨ ¸´¨³ ÕÐ¨Ì ÔÉμ ¢μ§¡Ê¦¤¥´¨¥
γ-¶¥·¥Ìμ¤μ¢ Eγ (¸³. ¢Ò· ¦¥´¨¥ (35)). ˆ§¢¥¸É´μ [2], ÎÉμ ¢ É ±μ° ¸¨ÉÊ Í¨¨
¨´É¥´¸¨¢´μ¸ÉÓ ¶¨±  ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö γ-¨§²ÊÎ¥´¨Ö ¶·μ¶μ·Í¨μ´ ²Ó´  ¢¥-
·μÖÉ´μ¸É¨ § ¸¥²¥´¨Ö Ê·μ¢´Ö ¶·¨ β-· ¸¶ ¤¥ ¨ ´¥ § ¢¨¸¨É μÉ ¸Ì¥³Ò · ¸¶ ¤ .
�μÔÉμ³Ê  ´ ²¨§ ¨§³¥·¥´´ÒÌ ´ ³¨ ¸¶¥±É·μ¢ ¸¢μ¤¨²¸Ö ± ¢ÒÖ¢²¥´¨Õ ¶¨±μ¢ ¶μ²-
´μ£μ ¶μ£²μÐ¥´¨Ö γ-²ÊÎ¥° ¨ μ¶·¥¤¥²¥´¨Õ ¨Ì ¨´É¥´¸¨¢´μ¸É¥°. „ ²¥¥ ´  μ¸´μ-
¢ ´¨¨ ¶μ²ÊÎ¥´´ÒÌ ¤ ´´ÒÌ μ¡ ¨´É¥´¸¨¢´μ¸ÉÖÌ ¶¨±μ¢ ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö γ-
²ÊÎ¥° ¸É·μ¨² ¸Ó ¸¨²μ¢ Ö ËÊ´±Í¨Ö β+/EC-· ¸¶ ¤  147g’b ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³
¸μμÉ´μÏ¥´¨Ö (34).

‘¶¥±É·Ò γ-¨§²ÊÎ¥´¨Ö, ¨§³¥·¥´´Ò¥ ´ ³¨ ¸ ¶μ³μÐÓÕ ¸¶¥±É·μ³¥É·  ¶μ²-
´μ£μ ¶μ£²μÐ¥´¨Ö ¢ ¸μ¢¶ ¤¥´¨ÖÌ ¸ β+-Î ¸É¨Í ³¨ ¶·¨ β+/EC-· ¸¶ ¤¥ 147gTb
¨ ¡¥§ ¸μ¢¶ ¤¥´¨°, ¶·¨¢¥¤¥´Ò ´  ·¨¸. 18. ƒ· ´¨Î´ Ö Ô´¥·£¨Ö ¸¶¥±É·μ¢ ¶μ²´μ£μ
¶μ£²μÐ¥´¨Ö μ¶·¥¤¥²Ö¥É¸Ö ¶μ²´μ° Ô´¥·£¨¥° Ô²¥±É·μ´´μ£μ § Ì¢ É  QEC. �¨±
¸ Ô´¥·£¨¥° Eγ ≈ 4 ŒÔ‚ ¢ μ¤¨´μÎ´μ³ ¸¶¥±É·¥ ¨ ¶¨± Eγ ≈ 3 ŒÔ‚ ¢ ¸¶¥±-
É·¥ ¸μ¢¶ ¤¥´¨° ¨³¥ÕÉ ³ ±¸¨³ ²Ó´Ò¥ Ô´¥·£¨¨ ¨ ¨¤¥´É¨Ë¨Í¨·ÊÕÉ¸Ö ± ± ¶¨±¨
¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö. �¨±Ê ¸ E′

γ ≈ 3 ŒÔ‚ ¢ ¸¶¥±É·¥ ¸μ¢¶ ¤¥´¨° ¸μμÉ¢¥É-

�¨¸. 18. ‘¶¥±É·Ò γ-¨§²ÊÎ¥´¨Ö ¶·¨ β+/EC-· ¸¶ ¤¥ 147gTb, ¨§³¥·¥´´Ò¥ ¸ ¶μ³μÐÓÕ
¸¶¥±É·μ³¥É·  ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö ¢ ¸μ¢¶ ¤¥´¨ÖÌ ¸ β+-Î ¸É¨Í ³¨ ( ) ¨ ¡¥§ ¸μ¢¶ ¤¥-
´¨° (¡). ‘É·¥²±μ° Ê± § ´  ¶μ²´ Ö Ô´¥·£¨Ö Ô²¥±É·μ´´μ£μ § Ì¢ É  QEC ¤²Ö 147gTb
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�¨¸. 19. ‘¨²μ¢ Ö ËÊ´±Í¨Ö Sβ(E) β+/EC-· ¸¶ ¤  147gTb, ¶μ²ÊÎ¥´´ Ö ¨§  ´ ²¨§  ¨§³¥-
·¥´´ÒÌ ¨ ¶·¥¤¸É ¢²¥´´ÒÌ ´  ·¨¸. 8 ¸¶¥±É·μ¢ γ-¨§²ÊÎ¥´¨Ö ¶·¨ β+/EC-· ¸¶ ¤¥ 147gTb.
� ¨¡μ²¥¥ ¨´É¥´¸¨¢´Ò° ¶¨± ¢ μ¡² ¸É¨ Ô´¥·£¨¨ ¢μ§¡Ê¦¤¥´¨Ö E ≈ 4 ŒÔ‚ ¨´É¥·¶·¥É¨-
·Ê¥É¸Ö ± ± ·¥§μ´ ´¸ ƒ ³μ¢ Ä’¥²²¥·  ¸ μτ = +1

¸É¢Ê¥É ¶¨± ¸ Eγ ≈ E′
γ − 2mec

2 ≈ 2 ŒÔ‚ ¢ μ¤¨´μÎ´μ³ ¸¶¥±É·¥, £¤¥ 2mec
2 Å

Ô´¥·£¨Ö ¤¢ÊÌ  ´´¨£¨²ÖÍ¨μ´´ÒÌ ±¢ ´Éμ¢. �¨± ¸ Ô´¥·£¨¥° Eγ ≈ 2 ŒÔ‚ ¢ μ¤¨-
´μÎ´μ³ ¸¶¥±É·¥ É ±¦¥ Ö¢²Ö¥É¸Ö ¶¨±μ³ ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö. ’ ±¨³ μ¡· §μ³,
¢ ¸¨²μ¢μ° ËÊ´±Í¨¨ β+/EC-· ¸¶ ¤  147gTb ³μ¦´μ ´ ¤¥¦´μ ¨¤¥´É¨Ë¨Í¨·μ-
¢ ÉÓ ¤¢  ¶¨±  ¶·¨ Ô´¥·£¨ÖÌ 4 ¨ 2 ŒÔ‚ (·¨¸. 18 ¨ 19), ¶·¨Î¥³ ¤²Ö ¶μ²ÊÎ¥´¨Ö
§´ Î¥´¨° ¨´É¥´¸¨¢´μ¸É¥° ¨ Ô´¥·£¨° ÔÉ¨Ì ¤¢ÊÌ ¶¨±μ¢ ¶·¨  ´ ²¨§¥ γ-¸¶¥±É·μ¢
¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö ´¥ É·¥¡Ê¥É¸Ö ¨´Ëμ·³ Í¨Ö μ ¸Ì¥³¥ · ¸¶ ¤ . ‚ Sβ+/EC(E)
¤²Ö 147gTb ´ ¡²Õ¤ ¥É¸Ö É·¥É¨° ¶¨± ¶·¨ Ô´¥·£¨¨ E ≈ 1,4 ŒÔ‚, μ¤´ ±μ ¨§-§ 
É·Ê¤´μ¸É¨ ¨¤¥´É¨Ë¨± Í¨¨ ¶¨±  ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö ¢ ÔÉμ° μ¡² ¸É¨ Ô´¥·£¨°
¤²Ö ¶μ²ÊÎ¥´¨Ö ´ ¤¥¦´μ° ¨´Ëμ·³ Í¨¨ μ¡ ¨´É¥´¸¨¢´μ¸É¨ ÔÉμ£μ ¶¨±  ´¥μ¡Ìμ-
¤¨³  ¨´Ëμ·³ Í¨Ö μ ¸Ì¥³¥ · §·Ö¤±¨ ¢μ§¡Ê¦¤¥´´ÒÌ Ê·μ¢´¥° 147Gd. ‡ ³¥É¨³,
ÎÉμ ¢ TAGS-¸¶¥±É· Ì ¤²Ö β+/EC-· ¸¶ ¤  ¢μ§³μ¦´μ ¨¤¥´É¨Ë¨Í¨·μ¢ ÉÓ ¤¢ 
¶¨±  ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö ¢ ¸²ÊÎ ¥, ±μ£¤  ¶¨± ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö ¸ ´ ¨¡μ²Ó-
Ï¥° Ô´¥·£¨¥° ¶μ¶ ¤ ¥É ¢ Ô´¥·£¥É¨Î¥¸±μ¥ μ±´μ, ¤μ¸ÉÊ¶´μ¥ ¤²Ö Ô²¥±É·μ´´μ£μ
§ Ì¢ É , ´μ ´¥ ¤μ¸ÉÊ¶´μ¥ ¤²Ö β+-· ¸¶ ¤ .

�  ·¨¸. 19 ¨´É¥´¸¨¢´μ¸ÉÓ ¶¨±  ¸ Ô´¥·£¨¥° E ≈ 1,4 ŒÔ‚ ¢ Sβ(E) ¶μ²ÊÎ¥´ 
¨§  ´ ²¨§  ¸¶¥±É·μ¢ ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö γ-²ÊÎ¥° (·¨¸. 6) ¢ ¶·¥¤¶μ²μ¦¥´¨¨,
ÎÉμ · §·Ö¤±  Ê·μ¢´¥° ¢ μ¡² ¸É¨ Ô´¥·£¨° ¢μ§¡Ê¦¤¥´¨Ö E ≈ 1,4 ŒÔ‚ ¶·μ¨¸Ìμ-
¤¨É ¤¢Ê³Ö γ-±¢ ´É ³¨ ¸ · ¢´μ° Ô´¥·£¨¥°. ’ ±¨³ μ¡· §μ³, ¢ ¸¨²μ¢μ° ËÊ´±Í¨¨
β+/EC-· ¸¶ ¤  147gTb (·¨¸. 19) Ê¤ ¥É¸Ö ´ ¤¥¦´μ μ¶·¥¤¥²¨ÉÓ Ô´¥·£¨¨ ¨ ¨´-
É¥´¸¨¢´μ¸É¨ ¤¢ÊÌ ¶¨±μ¢ ¸ Ô´¥·£¨Ö³¨ E ≈ 4 ¨ 2 ŒÔ‚. � ¨¡μ²¥¥ ¨´É¥´¸¨¢´Ò°
¶¨± ¢ μ¡² ¸É¨ Ô´¥·£¨¨ ¢μ§¡Ê¦¤¥´¨Ö E ≈ 4 ŒÔ‚ ¨´É¥·¶·¥É¨·Ê¥É¸Ö ´ ³¨ ± ±
μ¸´μ¢´μ° ·¥§μ´ ´¸ ƒ ³μ¢ Ä’¥²²¥·  (GT) ¸ μτ = +1 (¸μ£² ¸´μ ¸Ì¥³¥ ¤²Ö
Sβ(E), ·¨¸. 1).
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�¨¸. 20. ‘Ì¥³  β+/EC-· ¸¶ ¤  147gTb→ 147Gd ¨§ [108]

Š ´ Î ²Ê ´ Ï¨Ì ¨§³¥·¥´¨° ¨ ¶μ²ÊÎ¥´¨Õ ¸¨²μ¢μ° ËÊ´±Í¨¨ Sβ(E)
β+/EC-· ¸¶ ¤  147gTb ³¥Éμ¤μ³ TAGS ¡Ò²  ¨§¢¥¸É´  [108] ¸Ì¥³  · ¸¶ ¤ 
147gTb→ 147Gd, ¶·¥¤¸É ¢²¥´´ Ö ´  ·¨¸. 20. �μ²´ Ö Ô´¥·£¨Ö Ê± § ´´μ£μ · ¸-
¶ ¤  ¸μ¸É ¢²Ö¥É ¢¥²¨Î¨´Ê QEC = 4,6 ŒÔ‚. Š ± ¢¨¤´μ ¨§ ¸Ì¥³Ò · ¸¶ ¤ 
(·¨¸. 20), ¢ Ö¤·¥ 147Gd ± Éμ³Ê ¢·¥³¥´¨ ¡Ò²μ Ê¸É ´μ¢²¥´μ ²¨ÏÓ ´¥¸±μ²Ó±μ
¢μ§¡Ê¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨°. �´¥·£¨Ö ¸ ³μ£μ ¢¥·Ì´¥£μ ¨§ ´¨Ì ´¥ ¶·¥¢ÒÏ ¥É ¢¥-
²¨Î¨´Ê 2 ŒÔ‚, ÎÉμ §´ Î¨É¥²Ó´μ ³¥´ÓÏ¥ ¶μ²´μ° Ô´¥·£¨¨ · ¸¶ ¤  QEC =
4,6 ŒÔ‚. ˆ§ ¶μ²ÊÎ¥´´ÒÌ ´ ³¨ ¤ ´´ÒÌ μ ¸¨²μ¢μ° ËÊ´±Í¨¨ Sβ(E) ³¥Éμ¤μ³
TAGS (·¨¸. 19) ¸²¥¤μ¢ ²μ ´ ²¨Î¨¥ ¶¨±  ¢ Sβ(E) ¶·¨ Ô´¥·£¨ÖÌ ¢μ§¡Ê¦¤¥´¨Ö
E ≈ 4 ŒÔ‚ ¢ 147Gd. ˆ§ ´ ²¨Î¨Ö ¶¨±  ¢ Sβ(E) ¶·¨ E ≈ 4 ŒÔ‚ μ¤´μ§´ Î´μ
¸²¥¤Ê¥É, ÎÉμ Ê± § ´´ Ö ´  ·¨¸. 20 ¸Ì¥³  · ¸¶ ¤  ´¥ ¶μ²´  ¨ ¢ Ô´¥·£¥É¨Î¥¸±μ³
μ±´¥ μÉ E = 2 ŒÔ‚ ¤μ QEC = 4,6 ŒÔ‚ ¢ Ö¤·¥ 147Gd ¸ÊÐ¥¸É¢ÊÕÉ ¨ ¤·Ê£¨¥
¢μ§¡Ê¦¤¥´´Ò¥ ¸μ¸ÉμÖ´¨Ö, ´¥ μÉμ¡· ¦¥´´Ò¥ ´  ¸Ì¥³¥ · ¸¶ ¤  (·¨¸. 20).

ˆ¸Ìμ¤Ö ¨§ ¢ÒÏ¥¸± § ´´μ£μ ¢ · ¡μÉ¥ [109] ¡Ò²¨ ¢Ò¶μ²´¥´Ò ´μ¢Ò¥ Ô±¸¶¥-
·¨³¥´ÉÒ, ¢ ±μÉμ·ÒÌ · ¸¶ ¤ 147gTb ¤μ¸É ÉμÎ´μ ¤¥É ²Ó´μ ¨ ¶μ²´μ ¡Ò² ¨¸¸²¥-
¤μ¢ ´ ³¥Éμ¤ ³¨ γ-¸¶¥±É·μ¸±μ¶¨¨ ¢Ò¸μ±μ£μ · §·¥Ï¥´¨Ö. ‚Ò¸μ±μ¥ ± Î¥¸É¢μ ¨
¶μ²´μÉ  ¶μ²ÊÎ¥´´ÒÌ ¢ ÔÉ¨Ì ¨¸¸²¥¤μ¢ ´¨ÖÌ ¤ ´´ÒÌ ¶μ§¢μ²¨²¨ ´ ³ ¨§¢²¥ÎÓ ¸¨-
²μ¢ÊÕ ËÊ´±Í¨Õ Sβ(E) ´¥¶μ¸·¥¤¸É¢¥´´μ ¨§ ¸¢¥¤¥´¨° μ ¸Ì¥³¥ β+/EC-· ¸¶ ¤ 
147gTb→ 147Gd,   § É¥³ ¸· ¢´¨ÉÓ ¥¥ ¸ Sβ(E) ¤²Ö 147gTb, ¶μ²ÊÎ¥´´μ° ´ ³¨
· ´¥¥ (·¨¸. 19) ³¥Éμ¤μ³ TAGS,   É ±¦¥ ¸ É¥μ·¥É¨Î¥¸±¨³¨ · ¸Î¥É ³¨ [18].
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�  ·¨¸. 21a ¨ 21¡ ¶·¥¤¸É ¢²¥´  ¸Ì¥³  β+/EC-· ¸¶ ¤  147gTb→ 147Gd,
¢§ÖÉ Ö ¨§ · ¡μÉÒ [109]. �μ²ÊÎ¥´´ Ö ¨§  ´ ²¨§  ¡μ²¥¥ ¶μ²´μ° ¸Ì¥³Ò · ¸¶ ¤ 
(·¨¸. 21a ¨ 21¡) Sβ(E) ¶·¨¢¥¤¥´  ´  ·¨¸. 22.

Š ± ¢¨¤´μ ¨§ ·¨¸. 19 ¨ 22, ËÊ´±Í¨¨ Sβ+/EC(E), ¶μ²ÊÎ¥´´Ò¥ ¤¢Ê³Ö · §-
²¨Î´Ò³¨ ³¥Éμ¤ ³¨, Ìμ·μÏμ ¸μ£² ¸ÊÕÉ¸Ö ¤·Ê£ ¸ ¤·Ê£μ³. ‚ μ¡μ¨Ì ¸²ÊÎ ÖÌ
´ ¡²Õ¤ ÕÉ¸Ö ¶¨±¨ ¢ μ¡² ¸É¨ Ô´¥·£¨° E ≈ 4 ŒÔ‚. 	μ²¥¥ Éμ£μ, Ìμ·μÏμ
¸μ£² ¸ÊÕÉ¸Ö ¨ ¨´É¥´¸¨¢´μ¸É¨ ÔÉ¨Ì ¶¨±μ¢. �Í¥´¥´´Ò¥ ´ ³¨ Ô±¸¶¥·¨³¥´É ²Ó-
´Ò¥ §´ Î¥´¨Ö ¢¥²¨Î¨´ B(GT) ¤²Ö ¶¨±  E ≈ 4 ŒÔ‚ ¤²Ö 147gTb ¶μ ¤ ´´Ò³
TAGS B(GT)TAGS (·¨¸. 19) ¨ ¶μ ¤ ´´Ò³ [109] ¨§ ¸Ì¥³Ò · ¸¶ ¤  B(GT)DS

(·¨¸. 22,  ) ¤ ²¨ μÉ´μÏ¥´¨¥ B(GT)TAGS/B(GT)DS, ¢ ¶·¥¤¥² Ì ¶μ£·¥Ï´μ¸É¨
Ô±¸¶¥·¨³¥´É  ´¥ μÉ²¨Î ÕÐ¥¥¸Ö μÉ ¥¤¨´¨ÍÒ [18, 47]. „ ´´μ¥ ¸μ£² ¸¨¥ ¢¥²¨Î¨´
B(GT) ¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ ¤μ¸É ÉμÎ´μ° ¶μ²´μÉ¥ ¶·¥¤²μ¦¥´´μ° ¢ [109] ¸Ì¥³Ò
· ¸¶ ¤  ¨ μ ±μ··¥±É´μ¸É¨ ¨§³¥·¥´¨Ö Sβ(E) ¸ ¶μ³μÐÓÕ TAGS-³¥Éμ¤  [7].
‚Ò¶μ²´¥´´Ò¥ É¥μ·¥É¨Î¥¸±¨¥ · ¸Î¥ÉÒ [18] ¢ · ³± Ì MQPM-³μ¤¥²¨ ¸ ¨¸-
¶μ²Ó§μ¢ ´¨¥³ QRPA-¶·¨¡²¨¦¥´¨Ö (·¨¸. 22, ¡), É ± ¦¥ ± ± ¨ ¢ Ô±¸¶¥·¨³¥´É¥,
¢ÒÖ¢¨²¨ ´ ²¨Î¨¥ ´ ¨¡μ²¥¥ ¨´É¥´¸¨¢´μ£μ ¶¨±  ¢ Sβ(E) (·¥§μ´ ´¸  ƒ ³μ¢ Ä
’¥²²¥·  (GT) ¸ μτ = +1) ¢ μ¡² ¸É¨ Ô´¥·£¨¨ ¢μ§¡Ê¦¤¥´¨Ö ¤μÎ¥·´¥£μ Ö¤· 
147Gd E ≈ 4 ŒÔ‚. �Éμ ¶μ§¢μ²Ö¥É ¸¤¥² ÉÓ ¶μ²μ¦¨É¥²Ó´Ò° ¢Ò¢μ¤ μ ¶·¨³¥-
´¨³μ¸É¨ Ê± § ´´μ° ³μ¤¥²¨ ¤²Ö μ¶¨¸ ´¨Ö Sβ(E) ¸Ë¥·¨Î¥¸±¨Ì Ö¤¥·, ± ±μÉμ-
·Ò³ ¶·¨´ ¤²¥¦¨É ¨¸¸²¥¤Ê¥³μ¥ ´ ³¨ Ö¤·μ 147gTb ¨ ¤μÎ¥·´¥¥ ¥³Ê Ö¤·μ 147Gd.
‚³¥¸É¥ ¸ É¥³ ¸²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ, ± ± ¢¨¤´μ ¨§ ·¨¸. 22, É¥μ·¥É¨Î¥¸±¨¥ · ¸-
Î¥ÉÒ (·¨¸. 22, ¡) ¤ ÕÉ § ¢ÒÏ¥´´μ¥ ¢ ´¥¸±μ²Ó±μ · § §´ Î¥´¨¥ ¨´É¥´¸¨¢´μ¸É¨
μ¸´μ¢´μ£μ ·¥§μ´ ´¸  ¸ Ô´¥·£¨¥° E ≈ 4 ŒÔ‚ ¶μ ¸· ¢´¥´¨Õ ¸ Ô±¸¶¥·¨³¥´Éμ³
(·¨¸. 22,  ). „ ´´μ¥ ¶·¥¢ÒÏ¥´¨¥ ³μ¦´μ ¸¢Ö§ ÉÓ ¸ É¥³, ÎÉμ ³Ò ¢ Ô±¸¶¥·¨-
³¥´É¥ ³μ¦¥³ ´ ¡²Õ¤ ÉÓ ²¨ÏÓ Î ¸ÉÓ ·¥§μ´ ´¸ , ¶μ¶ ¤ ÕÐÊÕ ¢ ¤μ¸ÉÊ¶´ÊÕ ¤²Ö

�¨¸. 22. ‘· ¢´¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨ É¥μ·¥É¨Î¥¸±¨Ì ¤ ´´ÒÌ ¤²Ö Éμ´±μ° ¸É·Ê±-
ÉÊ·Ò ¸¨²μ¢μ° ËÊ´±Í¨¨ ¤²Ö β+/EC-· ¸¶ ¤  147gTb: a) ¶μ²ÊÎ¥´´ÒÌ ¨§  ´ ²¨§  ¸Ì¥³Ò
· ¸¶ ¤ ; ¡) · ¸¸Î¨É ´´ÒÌ ¢ · ³± Ì MQPM-³μ¤¥²¨ ¤²Ö GT-¶¥·¥Ìμ¤μ¢ [18, 47]
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Ô²¥±É·μ´´μ£μ § Ì¢ É  ¶μ Ô´¥·£¨¨ μ¡² ¸ÉÓ. �Î¥¢¨¤´μ, ÎÉμ Ô±¸¶¥·¨³¥´É ²Ó-
´Ò¥ ¤ ´´Ò¥, ¶μ²ÊÎ¥´´Ò¥ ³¥Éμ¤ ³¨ γ-¸¶¥±É·μ¸±μ¶¨¨ ¢Ò¸μ±μ£μ · §·¥Ï¥´¨Ö
(·¨¸. 22,  ), ¶μ§¢μ²ÖÕÉ ¢ÒÖ¢¨ÉÓ Éμ´±ÊÕ ¸É·Ê±ÉÊ·Ê ¸¨²μ¢μ° ËÊ´±Í¨¨ 147gTb
¨, ¢ Î ¸É´μ¸É¨, ·¥§μ´ ´¸  ƒ ³μ¢ Ä’¥²²¥·  ¸ μτ = +1 ¢ μ¡² ¸É¨ Ô´¥·£¨°
E ≈ 4 ŒÔ‚.

’ ±¨³ μ¡· §μ³, ³¥Éμ¤Ò TAGS ¶μ§¢μ²ÖÕÉ ¢ÒÖ¢¨ÉÓ ·¥§μ´ ´¸´Ò° Ì · ±-
É¥· Sβ(E) ¨ ¶μ²ÊÎ¨ÉÓ ¤ ´´Ò¥ μ ¸É·Ê±ÉÊ·¥ Sβ(E), ±μ£¤  ¢ TAGS-¸¶¥±É·¥
Ê¤ ¥É¸Ö ´ ¤¥¦´μ ¨¤¥´É¨Ë¨Í¨·μ¢ ÉÓ ¶¨±¨ ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö. „²Ö Sβ(E)
β−-· ¸¶ ¤  Ê¤ ¥É¸Ö, ± ± ¶· ¢¨²μ, ¨¤¥´É¨Ë¨Í¨·μ¢ ÉÓ μ¤¨´ ¶¨± ¶μ²´μ£μ ¶μ-
£²μÐ¥´¨Ö,   ¤²Ö β+/EC-· ¸¶ ¤  Å ¤¢  ¶¨± . „²Ö ¶μ²ÊÎ¥´¨Ö ¨´Ëμ·³ Í¨¨
μ ¡μ²¥¥ ¤¥É ²Ó´μ° ¸É·Ê±ÉÊ·¥ Sβ(E) ´¥μ¡Ìμ¤¨³μ ¶·¨¢²¥± ÉÓ ³¥Éμ¤Ò Ö¤¥·´μ°
¸¶¥±É·μ¸±μ¶¨¨ ¸ ¢Ò¸μ±¨³ Ô´¥·£¥É¨Î¥¸±¨³ · §·¥Ï¥´¨¥³.

8. ˆ‘‘‹…„�‚��ˆŸ ‘’�“Š’“�› Sβ(E) ‘ ��Œ�™œ� Œ…’�„�‚
Ÿ„…���‰ ‘�…Š’��‘Š��ˆˆ ‚›‘�Š�ƒ� ��‡�…˜…�ˆŸ

�·¨³¥´¥´¨¥ ³¥Éμ¤μ¢ Ö¤¥·´μ° ¸¶¥±É·μ¸±μ¶¨¨ ¸ ¢Ò¸μ±¨³ Ô´¥·£¥É¨Î¥¸±¨³
· §·¥Ï¥´¨¥³ ¶μ§¢μ²Ö¥É ¶μ²ÊÎ ÉÓ ¤¥É ²Ó´ÊÕ ¨´Ëμ·³ Í¨Õ μ ¸É·Ê±ÉÊ·¥ Sβ(E)
¤²Ö ¢¸¥Ì ¶¨±μ¢ ¸ Ô´¥·£¨¥°, ´¥ ¶·¥¢ÒÏ ÕÐ¥° Qβ. ’ ±¦¥ ¶μÖ¢²Ö¥É¸Ö ¢μ§³μ¦-
´μ¸ÉÓ ¶μ²ÊÎ ÉÓ ± Î¥¸É¢¥´´μ ´μ¢ÊÕ ¨´Ëμ·³ Í¨Õ μ Éμ´±μ° ¸É·Ê±ÉÊ·¥ Sβ(E)
± ± ¤²Ö ¶¥·¥Ìμ¤μ¢ ƒ ³μ¢ Ä’¥²²¥·  (GT-¶¥·¥Ìμ¤μ¢), É ± ¨ ¤²Ö ¶¥·¥Ìμ¤μ¢ ¶¥·-
¢μ£μ § ¶·¥É  (FF-¶¥·¥Ìμ¤μ¢).

‚ Ô±¸¶¥·¨³¥´É Ì [7, 109, 110] ¤²Ö ´ · ¡μÉ±¨ · ¤¨μ ±É¨¢´ÒÌ ¶·¥¶ · Éμ¢
¨¸¶μ²Ó§μ¢ ²¨ ·¥ ±Í¨Õ £²Ê¡μ±μ£μ · ¸Ð¥¶²¥´¨Ö Ö¤¥· É ´É ²  ¶·¨ ¢§ ¨³μ¤¥°-
¸É¢¨¨ ¸ ¶·μÉμ´ ³¨, ¨³¥ÕÐ¨³¨ Ô´¥·£¨Õ 660 ŒÔ‚, μÉ Ë §μÉ·μ´  ‹Ÿ� �ˆŸˆ.
„²Ö ÔÉμ£μ ¸ ¶μ³μÐÓÕ ¸¶¥Í¨ ²Ó´μ£μ Ê¸É·μ°¸É¢  ¡¥§ ´ ·ÊÏ¥´¨Ö ¢ ±ÊÊ³  ¢
± ³¥·Ê Ë §μÉ·μ´  Ê¸É ´ ¢²¨¢ ² ¸Ó ³¨Ï¥´Ó ³ ¸¸μ° 5 £, ¶·¨£μÉμ¢²¥´´ Ö ¨§
³¥É ²²¨Î¥¸±μ£μ É ´É ² . ‡ É¥³ ¶·μ¢μ¤¨²μ¸Ó μ¡²ÊÎ¥´¨¥ Ê± § ´´μ° ³¨Ï¥´¨
¶ÊÎ±μ³ ¶·μÉμ´μ¢ ¢ É¥Î¥´¨¥ ´¥±μÉμ·μ£μ ¶·μ³¥¦ÊÉ±  ¢·¥³¥´¨, μ¶·¥¤¥²Ö¥³μ£μ
¶¥·¨μ¤μ³ ¶μ²Ê· ¸¶ ¤  ¨ É·¥¡Ê¥³Ò³ ±μ²¨Î¥¸É¢μ³ Éμ£μ ¨²¨ ¨´μ£μ · ¤¨μ´Ê-
±²¨¤ , · ¸¶ ¤ ±μÉμ·μ£μ ³Ò ¸μ¡¨· ²¨¸Ó ¨¸¸²¥¤μ¢ ÉÓ. ‚ ´ Ï¨Ì Ô±¸¶¥·¨³¥´É Ì
¢·¥³Ö μ¡²ÊÎ¥´¨Ö ¢ ·Ó¨·μ¢ ²μ¸Ó μÉ ´¥¸±μ²Ó±¨Ì ¤¥¸ÖÉ±μ¢ ³¨´ÊÉ ¤μ ´¥¸±μ²Ó-
±¨Ì Î ¸μ¢. �·¨ ÔÉμ³ ¢μ ¢¸¥Ì ¸¥·¨ÖÌ μ¡²ÊÎ¥´¨Ö Ô´¥·£¨Ö ¶·μÉμ´μ¢ ¸μ¸É ¢²Ö² 
Ep = 660 ŒÔ‚,   ¨´É¥´¸¨¢´μ¸ÉÓ Ip = 2 ³±�.

�μ¸²¥ μ¡²ÊÎ¥´¨Ö ³¨Ï¥´Ó ¨§¢²¥± ² ¸Ó ¨§ ± ³¥·Ò Ê¸±μ·¨É¥²Ö ¨ ¤μ¸É ¢²Ö-
² ¸Ó ¢ ¸¶¥Í¨ ²Ó´ÊÕ ² ¡μ· Éμ·¨Õ, £¤¥ ¶μ¤¢¥·£ ² ¸Ó · ¤¨μÌ¨³¨Î¥¸±μ° μ¡· -
¡μÉ±¥. ‚Ò¤¥²¥´´Ò¥ ·¥¤±μ§¥³¥²Ó´Ò¥ Ô²¥³¥´ÉÒ Å ¶·μ¤Ê±ÉÒ ·¥ ±Í¨° Ì·μ³ -
Éμ£· Ë¨Î¥¸±¨³ ³¥Éμ¤μ³ [111] · §¤¥²Ö²¨¸Ó ´  μÉ¤¥²Ó´Ò¥ Ë· ±Í¨¨. �·¨ ÔÉμ³
¢·¥³Ö μÉ ¸´ÖÉ¨Ö ³¨Ï¥´¨ ¤μ ±μ´Í  · §¤¥²¥´¨Ö ¢ μ¡Ð¥° ¸²μ¦´μ¸É¨ ´¥ ¶·¥¢Ò-
Ï ²μ 2 Î.
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�¨¸. 23. �¡Ð¨° ¢¨¤ ±μ³¶²¥±¸  Ÿ‘����-2 ‹Ÿ� �ˆŸˆ

�¤´  ¨§ É ±¨Ì Ë· ±Í¨° (Tb, Er) ¶μ³¥Ð ² ¸Ó ¢ ¸¶¥Í¨ ²Ó´ÊÕ  ³¶Ê²Ê ¨¸ÉμÎ-
´¨±  ¨μ´μ¢ Ô²¥±É·μ³ £´¨É´μ£μ ³ ¸¸-¸¥¶ · Éμ·  (·¨¸. 23) ±μ³¶²¥±¸ 
Ÿ‘����-2 [112] ¨ ¶μ¤¢¥·£ ² ¸Ó · §¤¥²¥´¨Õ ´  μÉ¤¥²Ó´Ò¥ ¨§μ¡ ·Ò. ‚ ¸¶¥-
Í¨ ²Ó´μ³ Ê¸É·μ°¸É¢¥ ¸¡μ·  ³μ´μ¨§μÉμ¶Ò ¢ ¢¨¤¥ ¨μ´μ¢ ¢Ò¸ ¦¨¢ ²¨¸Ó (± ¦¤Ò°
¢ ¸¢μ¥³ ³¥¸É¥) ´   ²Õ³¨´¨¥¢ÊÕ ²¥´ÉÊ. ‹¥´É  ¨§¢²¥± ² ¸Ó ¨§ Ê¸É·μ°¸É¢ , ¨§
´¥¥ § É¥³ ¢Ò·¥§ ²¨¸Ó μÉ¤¥²Ó´Ò¥ Ë· £³¥´ÉÒ · §³¥·μ³ ∼ 1 ¸³2, ¸μ¤¥·¦ Ð¨¥
ÉμÉ ¨²¨ ¨´μ° ³μ´μ¨§μÉμ¶. ‚¶μ¸²¥¤¸É¢¨¨ ÔÉ¨ Ë· £³¥´ÉÒ ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¢ ± -
Î¥¸É¢¥ · ¤¨μ ±É¨¢´ÒÌ ¨¸ÉμÎ´¨±μ¢ ¤²Ö ¨§³¥·¥´¨° ´  ´ Ï¨Ì ¸¶¥±É·μ³¥É· Ì.
‚¥¸Ó ¶·μÍ¥¸¸ ³ ¸¸-¸¥¶ ·¨·μ¢ ´¨Ö § ´¨³ ² ´¥ ¡μ²¥¥ 1 Î.

„ ²¥¥ ¶·μ¢μ¤¨²μ¸Ó ¨§³¥·¥´¨¥ ¸¶¥±É·μ¢ γ-²ÊÎ¥° ¨ ³ É·¨Í γγt-¸μ¢¶ ¤¥´¨°
¶·¨ β-· ¸¶ ¤¥ ¨¸¸²¥¤Ê¥³ÒÌ ´ ³¨ Ö¤¥·. „μ¶μ²´¨É¥²Ó´μ ¨§³¥·Ö²¨¸Ó ¸¶¥±É·Ò
Ô²¥±É·μ´μ¢ ¢´ÊÉ·¥´´¥° ±μ´¢¥·¸¨¨ (�‚Š). ˆ§ ¨§³¥·¥´´ÒÌ ¸¶¥±É·μ¢ μ¶·¥-
¤¥²Ö²¨¸Ó Ô´¥·£¨¨ ¨ ¨´É¥´¸¨¢´μ¸É¨ γ-²ÊÎ¥° ¨ �‚Š,   ´  μ¸´μ¢¥ ¤ ´´ÒÌ
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�¨¸. 24. Sβ(E) ¤²Ö ¶¥·¥Ìμ¤μ¢ ƒ ³μ¢ Ä’¥²²¥·  ¶·¨ β+/EC-· ¸¶ ¤¥ ¸Ë¥·¨Î¥¸±μ£μ Ö¤· 
147gTb (T1/2 = 1,6 Î, QEC = 4,6 ŒÔ‚) [113]

�¨¸. 25. Sβ(E) ¤²Ö ¶¥·¥Ìμ¤μ¢ ¶¥·¢μ£μ § ¶·¥É  ¶·¨ β+/EC-· ¸¶ ¤¥ ¸Ë¥·¨Î¥¸±μ£μ Ö¤· 
147gTb (T1/2 = 1,6 Î, QEC = 4,6 ŒÔ‚) [113]

μ γγt-¸μ¢¶ ¤¥´¨ÖÌ Ê¸É ´ ¢²¨¢ ²¨¸Ó ¨Ì ±μ´±·¥É´Ò¥ ³¥¸Éμ¶μ²μ¦¥´¨Ö ³¥¦¤Ê
¢μ§¡Ê¦¤¥´´Ò³¨ ¸μ¸ÉμÖ´¨Ö³¨, ¨ É¥³ ¸ ³Ò³ ¸É·μ¨² ¸Ó ¸Ì¥³  · ¸¶ ¤ . ‡ É¥³ ¨§
¡ ² ´¸  ¨´É¥´¸¨¢´μ¸É¥° ¶·¨Ìμ¤ÖÐ¨Ì ¨ ÊÌμ¤ÖÐ¨Ì γ-¶¥·¥Ìμ¤μ¢ ¤²Ö ± ¦¤μ£μ ¨§
Ô´¥·£¥É¨Î¥¸±¨Ì Ê·μ¢´¥° μ¶·¥¤¥²Ö²¨¸Ó ¨´É¥´¸¨¢´μ¸É¨ ¨Ì § ¸¥²¥´´μ¸É¥° ´¥¶μ-
¸·¥¤¸É¢¥´´μ ¶μ ¢¥É±¥ β-· ¸¶ ¤  ¨ ¢ÒÎ¨¸²Ö²¨¸Ó ¢¥²¨Î¨´Ò ¶·¨¢¥¤¥´´ÒÌ ¶¥·¨-
μ¤μ¢ ¶μ²Ê· ¸¶ ¤  ft, ¢Ìμ¤ÖÐ¨Ì ¢ ¢Ò· ¦¥´¨Ö (3)Ä(9) ¤²Ö ËÊ´±Í¨¨ Sβ(E).

�  ·¨¸. 21 ¶·¨¢¥¤¥´Ò Ì · ±É¥·¨¸É¨±¨ Ê·μ¢´¥° 147Gd, § ¸¥²Ö¥³ÒÌ ¶·¨
β+/EC-· ¸¶ ¤¥ ¸Ë¥·¨Î¥¸±μ£μ Ö¤·  147gTb (T1/2=1,6 Î, QEC=4,6 ŒÔ‚) [109].

C ¶μ³μÐÓÕ ¸μμÉ´μÏ¥´¨° (3)Ä(9) ¨ ¤ ´´ÒÌ [109] ¡Ò²¨ ¶μ¸É·μ¥´Ò Sβ(E)
¤²Ö GT-¶¥·¥Ìμ¤μ¢ (·¨¸. 24) ¨ FF-¶¥·¥Ìμ¤μ¢ (·¨¸. 25).
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Sβ(E) ¤²Ö ¶¥·¥Ìμ¤μ¢ ƒ ³μ¢ Ä’¥²²¥·  ¶·¨ β+/EC-· ¸¶ ¤¥ ¸Ë¥·¨Î¥¸±μ£μ
Ö¤·  147gTb (T1/2 = 1,6 Î, QEC = 4,6 ŒÔ‚) [18, 47, 113] ¨³¥¥É Î¥É±μ ¢Ò· ¦¥´-
´Ò° ·¥§μ´ ´¸ ¶·¨ Ô´¥·£¨¨ ¢μ§¡Ê¦¤¥´¨Ö ¢ μ¡² ¸É¨ 4 ŒÔ‚. ’¥μ·¥É¨Î¥¸±¨¥ · ¸-
Î¥ÉÒ [18] ¶· ¢¨²Ó´μ μ¶¨¸Ò¢ ÕÉ Ô´¥·£¨Õ, ´μ ¤ ÕÉ ¢ ´¥¸±μ²Ó±μ · § ¡μ²ÓÏÊÕ
¨´É¥´¸¨¢´μ¸ÉÓ ·¥§μ´ ´¸  (·¨¸. 22, ¡). „ ´´ Ö ¸¨ÉÊ Í¨Ö É¨¶¨Î´  ¤²Ö ¡μ²ÓÏμ£μ
Î¨¸²  Ö¤¥·, ¨¸¸²¥¤μ¢ ´´ÒÌ TAGS-³¥Éμ¤μ³ [33]. ‚ ¸²ÊÎ ¥ β+/EC-· ¸¶ ¤ 
147gTb ¶·¥¢ÒÏ¥´¨¥ É¥μ·¥É¨Î¥¸±μ£μ §´ Î¥´¨Ö ¨´É¥´¸¨¢´μ¸É¨ ·¥§μ´ ´¸  ´ ¤
Ô±¸¶¥·¨³¥´É ²Ó´μ ´ ¡²Õ¤ ¥³μ° ¸¢Ö§ ´μ ¸ É¥³, ÎÉμ ¢ [7, 18, 47] ´ ¡²Õ¤ ²¸Ö
²¨ÏÓ ®Ì¢μ¸É¯ ¶¨±  ¢ Sβ(E). ’ ±¨³ μ¡· §μ³, ¨¸¶μ²Ó§μ¢ ´¨¥ ³¥Éμ¤μ¢ Ö¤¥·´μ°
¸¶¥±É·μ¸±μ¶¨¨ ¢Ò¸μ±μ£μ · §·¥Ï¥´¨Ö, É ± ¦¥ ± ± ¨ TAGS, ¤ ¥É Ê¡¥¤¨É¥²Ó´Ò¥
¤μ± § É¥²Ó¸É¢  ·¥§μ´ ´¸´μ° ¸É·Ê±ÉÊ·Ò Sβ(E) ¤²Ö GT-¶¥·¥Ìμ¤μ¢ ¢ ¸Ë¥·¨Î¥-
¸±¨Ì Ö¤· Ì.

„μ ´¥¤ ¢´¥£μ ¢·¥³¥´¨ ¢μ¶·μ¸ μ ·¥§μ´ ´¸´μ° ¸É·Ê±ÉÊ·¥ Sβ(E) ¤²Ö FF-
¶¥·¥Ìμ¤μ¢ μ¸É ¢ ²¸Ö μÉ±·ÒÉÒ³. ‚ [21] ¢¶¥·¢Ò¥ ¡Ò²μ Ô±¸¶¥·¨³¥´É ²Ó´μ ¤μ± -
§ ´μ ´ ²¨Î¨¥ ·¥§μ´ ´¸μ¢ ¢ Sβ(E) ¤²Ö FF-¶¥·¥Ìμ¤μ¢ ¶·¨ β+/EC-· ¸¶ ¤¥ ¤¥-
Ëμ·³¨·μ¢ ´´μ£μ Ö¤·  160gHo (25,6 ³¨´). ˆ§ ·¨¸. 25 ¸²¥¤Ê¥É, ÎÉμ ¤²Ö β+/EC-
· ¸¶ ¤  ¸Ë¥·¨Î¥¸±μ£μ Ö¤·  147gTb Sβ(E) ¤²Ö FF-¶¥·¥Ìμ¤μ¢ É ±¦¥ ¶·μÖ¢²Ö¥É¸Ö
·¥§μ´ ´¸´Ò° Ì · ±É¥·. Š·μ³¥ Éμ£μ, ¸²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¢ μ¡² ¸É¨ Ô´¥·£¨°
¢μ§¡Ê¦¤¥´¨Ö μ±μ²μ 2 ŒÔ‚ ¤²Ö β+/EC-· ¸¶ ¤  147gTb ¨´É¥´¸¨¢´μ¸ÉÓ β+/EC-
¶¥·¥Ìμ¤μ¢ ¶¥·¢μ£μ § ¶·¥É  ¶·¥¢μ¸Ìμ¤¨É ¨´É¥´¸¨¢´μ¸É¨ ¶¥·¥Ìμ¤μ¢ ƒ ³μ¢ Ä
’¥²²¥· .

ˆ§³¥·¥´¨Ö ¸¶¥±É·μ¢ γ-¨§²ÊÎ¥´¨Ö 160m,gHo  ¢Éμ·Ò [110] ¶·μ¢μ¤¨²¨ ¢
®Í¥¶μÎ±¥¯ · ¸¶ ¤μ¢ 160Er (28,6 Î)→ 160m,gHo→ 160Dy (·¨¸. 26). Œ É¥-
·¨´¸±¨° ¨§μÉμ¶ 160Er ¨³¥¥É ´¥¡μ²ÓÏÊÕ Ô´¥·£¨Õ · ¸¶ ¤  QEC = (336 ±
32) ±Ô‚, ¶μÔÉμ³Ê ¥£μ ¶·¨¸ÊÉ¸É¢¨¥ ¢ ®Í¥¶μÎ±¥¯ § É·Ê¤´Ö²μ ¨¤¥´É¨Ë¨± Í¨Õ
γ-¶¥·¥Ìμ¤μ¢ ²¨ÏÓ ³Ö£±¨Ì Ô´¥·£¨°. „²Ö ¢ÒÎ¨¸²¥´¨Ö ¶·¨¢¥¤¥´´ÒÌ ¢¥·μÖÉ´μ-

�¨¸. 26. � ¸¶ ¤ 160Er→ 160m,gHo→ 160Dy
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¸É¥° ¡¥É -¶¥·¥Ìμ¤μ¢ 160g,mHo (¢¥²¨Î¨´ log ft) ´¥μ¡Ìμ¤¨³μ ¡Ò²μ Ê¸É ´μ¢¨ÉÓ
¶ ·Í¨ ²Ó´Ò° ¶¥·¨μ¤ ¶μ ¢¥É±¥ β+/EC-· ¸¶ ¤  160g,mHo. �·¨ ¤ ´´ÒÌ ¢Ò-
Î¨¸²¥´¨ÖÌ [21] ±μÔËË¨Í¨¥´É ¢¥É¢²¥´¨Ö [114] ¤²Ö · ¸¶ ¤  ¨§μ³¥·  160mHo
ε = (EC/β+)/tot. ¶·¨´¨³ ²¸Ö · ¢´Ò³ 0,27(3).

�  μ¸´μ¢ ´¨¨ ¤ ´´ÒÌ, ¶·¨¢¥¤¥´´ÒÌ ¢ É ¡². 5, ¶μ¸É·μ¥´Ò Sβ(E) ¤²Ö GT-
¶¥·¥Ìμ¤μ¢ (·¨¸. 27) ¨ FF-¶¥·¥Ìμ¤μ¢ [20, 113] (·¨¸. 28) ¶·¨ β+/EC-· ¸¶ ¤¥
¤¥Ëμ·³¨·μ¢ ´´μ£μ Ö¤·  160gHo (25,6 ³¨´).

�¨¸. 27. Sβ(E) ¤²Ö ¶¥·¥Ìμ¤μ¢ ƒ ³μ¢ Ä’¥²²¥·  ¶·¨ β+/EC-· ¸¶ ¤¥ ¤¥Ëμ·³¨·μ¢ ´´μ£μ
Ö¤·  160gHo (25,6 ³¨´) [20]

�¨¸. 28. Sβ(E) ¤²Ö ¶¥·¥Ìμ¤μ¢ ¶¥·¢μ£μ § ¶·¥É  ¶·¨ β+/EC-· ¸¶ ¤¥ ¤¥Ëμ·³¨·μ¢ ´´μ£μ
Ö¤·  160gHo (25,6 ³¨´) [20]
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’ ¡²¨Í  5. “·μ¢´¨ 160Dy, § ¸¥²Ö¥³Ò¥ ¶·¨ β+/EC-· ¸¶ ¤¥ 160gHo (25,6 ³¨´)

�´¥·£¨Ö Š¢ ´Éμ¢Ò¥ ‡ ¸¥²¥´¨¥
log ft

Ê·μ¢´Ö, ±Ô‚ Ì · ±É¥·¨¸É¨±¨ (IπK) ¨§ β+/EC-· ¸¶ ¤ , %

1386,46(2) 4− 0,27(3) 7,32(5)
1438,57(3) 6+ 0,2(1) 7,4(2)

1535,14(2) 4− 0,11 (2) 7,63(8)

1603,77(8) 4+ 0,07(2) 7,8(1)
1606,9(1) 6+ 0,10(1) 7,63(5)

1607,9(1) 4+S 0,08(2) 7,7(1)
1650,87(4) 5− 0,02(1) 8,3(2)

1652,1(1) (4, 5, 6) 0,16(2) 7,41(6)

1694,36(2) 4+4 74(5) 4,72(3)
1802,24(2) 5+4 10,8(9) 5,49(4)

1860,1(1) 5−4 0,11(1) 7,44(4)

1929,19(2) 6+4 0,62(7) 6,65(5)
2096,87(2) 4+4 2,9(2) 5,86(3)

2143,7(1) (4−) 0,13(2) 7,17(7)
2155,3(2) (4−) 0,035(3) 7,73(4)

2187,0(1) (5,6) 0,09(1) 7,30(5)

2194,43(3) 5+4 0,43(3) 6,61(4)
2208,4(1) 4+ 0,20(3) 6,93(7)

2374,5(1) (4−) 0,036(5) 7,52(7)

2556,8(1) 5− 0,14(2) 6,73(7)
2572,4(1) (4) 0,032(3) 7,35(5)

2681,9(1) 5+ 0,8(1) 5,80(6)
2727,2(1) (4) 0,037(5) 7,06(7)

2755,0(2) (4−) 0,027(4) 7,15(7)

2757,1(1) (4, 5) 0,040(7) 6,97(8)
2763,0(1) (4, 5) 0,07(1) 6,72(7)

2777,6(1) (4)+ 0,29(2) 6,07(5)

2853,6(1) 5− 0,055(6) 6,64(6)
2941,7(1) (4, 5, 6) 0,023(2) 6,79(6)

2969,9(1) (4, 5) 0,06(2) 6,3(2)
2977,5(1) (4, 5) 0,021(5) 6,7(1)

3033,7(2) (4, 5)− 0,0031(9) 7,3(2)

3081,4(2) (4, 5, 6) 0,0024(7) 7,2(2)

‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ´¥ ¸ÊÐ¥¸É¢Ê¥É É¥μ·¨¨,  ¤¥±¢ É´μ μ¶¨¸Ò¢ ÕÐ¥° ¸¨²μ-
¢Ò¥ ËÊ´±Í¨¨ β-· ¸¶ ¤  ¤¥Ëμ·³¨·μ¢ ´´ÒÌ Ö¤¥·. Šμ²²¥±É¨¢´Ò¥ ¢μ§¡Ê¦¤¥´¨Ö
ƒ ³μ¢ Ä’¥²²¥·  ¸ ³ ±·μ¸±μ¶¨Î¥¸±μ° ÉμÎ±¨ §·¥´¨Ö ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° ±μ²¥-
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¡ ´¨Ö ¸¶¨´-¨§μ¸¶¨´μ¢μ° ¶²μÉ´μ¸É¨ ¡¥§ ¨§³¥´¥´¨Ö Ëμ·³Ò Ö¤· , ¶μÔÉμ³Ê ¶μ-
²μ¦¥´¨¥ ³ ±¸¨³Ê³  ¢ ¸¨²μ¢μ° ËÊ´±Í¨¨ ¢ ¸Ë¥·¨Î¥¸±μ³ ¶·¥¤¥²¥ ¤μ²¦´μ ¶·¨-
³¥·´μ ¸μμÉ¢¥É¸É¢μ¢ ÉÓ Í¥´É·Ê ÉÖ¦¥¸É¨ ¸¨²μ¢μ° ËÊ´±Í¨¨ ¤¥Ëμ·³¨·μ¢ ´´μ£μ
Ö¤·  [2]. „²Ö β+/EC-¶¥·¥Ìμ¤μ¢ ƒ ³μ¢ Ä’¥²²¥·  ¶·¨ · ¸¶ ¤¥ Ö¤·  160gHo
(25,6 ³¨´) Ö·±μ ¢Ò· ¦¥´  ·¥§μ´ ´¸´ Ö ¸É·Ê±ÉÊ·  ¸¨²μ¢μ° ËÊ´±Í¨¨ (·¨¸. 27).
� ¨¡μ²¥¥ ¸¨²Ó´Ò° ¶¨± ¢ μ¡² ¸É¨ 2Ä3 ŒÔ‚ μÉμ¦¤¥¸É¢²Ö¥É¸Ö ¸ μτ = +1 ·¥-
§μ´ ´¸μ³ ƒ ³μ¢ Ä’¥²²¥· , ¶μ¸±μ²Ó±Ê μÍ¥´±¨, ¶·μ¢¥¤¥´´Ò¥ ¶μ ³μ¤¥²¨, ¨§²μ-
¦¥´´μ° ¢ [2], ¶·¥¤¸± §Ò¢ ÕÉ ´ ²¨Î¨¥ É ±μ£μ ·¥§μ´ ´¸  ¢ μ¡² ¸É¨ 2Ä4 ŒÔ‚,  
§´ Î¥´¨¥ ¢¥²¨Î¨´Ò ft ¤²Ö Ê·μ¢´Ö ¸ Ô´¥·£¨¥° 1694 ±Ô‚ (É ¡². 1) É¨¶¨Î´μ ¤²Ö
μτ = +1 ·¥§μ´ ´¸  ƒ ³μ¢ Ä’¥²²¥·  [2]. �  ·¨¸. 27 ´ ¡²Õ¤ ¥É¸Ö · ¸Ð¥¶²¥´¨¥
¶¨±  ¤²Ö ¶¥·¥Ìμ¤μ¢ ƒ ³μ¢ Ä’¥²²¥·  ´  ¤¢¥ ±μ³¶μ´¥´ÉÒ, μ¤´  ¨§ ±μÉμ·ÒÌ · ¸-
¶μ²μ¦¥´  ¢ μ¡² ¸É¨ 1700Ä2200 ±Ô‚, ¢Éμ· Ö ¢ μ¡² ¸É¨ 2680Ä3100 ±Ô‚. „ ´´μ¥
· ¸Ð¥¶²¥´¨¥, ¶μ  ´ ²μ£¨¨ ¸ · ¸Ð¥¶²¥´¨¥³ ¶¨±  E1 £¨£ ´É¸±μ£μ ·¥§μ´ ´¸ 
¢ ¤¥Ëμ·³¨·μ¢ ´´ÒÌ Ö¤· Ì, ³μ¦´μ ¸¢Ö§ ÉÓ ¸  ´¨§μÉ·μ¶¨¥° ±μ²¥¡ ´¨° ±μ³¶μ-
´¥´ÉÒ ρτ,μ=1,1 ¨§μ¢¥±Éμ·´μ° ¶²μÉ´μ¸É¨.

„²Ö β+/EC-· ¸¶ ¤  ƒ ³μ¢ Ä’¥²²¥·  ¸Ë¥·¨Î¥¸±μ£μ Ö¤·  147gTb É ±μ£μ
· ¸Ð¥¶²¥´¨Ö ´¥ ´ ¡²Õ¤ ¥É¸Ö (·¨¸. 24).

‡ ·Ö¤μ¢μ-μ¡³¥´´Ò¥ Î ¸É¨Î´μ-¤Ò·μÎ´Ò¥ ¢μ§¡Ê¦¤¥´¨Ö (·¨¸. 1), § ¸¥²Ö¥³Ò¥
¶·¨ β-· ¸¶ ¤¥, ¸¢Ö§ ´Ò ¸ ±μ²¥¡ ´¨¥³ ±μ³¶μ´¥´É μτ = ±1 ¨§μ¢¥±Éμ·´μ° ¶²μÉ-
´μ¸É¨ [23] ρτ=1,μτ :

ρτ=1,μτ (r) =
∑

k

2tμτ (k)δ(r − rk), (44)

£¤¥ ¸Ê³³¨·μ¢ ´¨¥ ¢¥¤¥É¸Ö ¶μ ¢¸¥³ ´Ê±²μ´ ³ k, tμτ Å ¸Ë¥·¨Î¥¸± Ö ±μ³¶μ-
´¥´É  ¨§μ¸¶¨´  ´Ê±²μ´  t:

tμτ =

⎧⎪⎨
⎪⎩

1/
√

2(tx − ity), μτ = −1,

tz, μτ = 0,

1/
√

2(tx + ity), μτ = +1.

(45)

Šμ²¥¡ ´¨Ö ¸ τ = 0 ¸μμÉ¢¥É¸É¢ÊÕÉ ±μ²¥¡ ´¨Ö³ ¨§μ¸± ²Ö·´μ° (¶μ²´μ°)
¶²μÉ´μ¸É¨. Šμ²¥¡ ´¨Ö ¸ τ = 1, μτ = 0, Iπ = 1− ¸μμÉ¢¥É¸É¢ÊÕÉ ±μ²¥¡ ´¨Õ
±μ³¶μ´¥´ÉÒ ρτ=1,0 ¨§μ¢¥±Éμ·´μ° ¶²μÉ´μ¸É¨ ¨ μ¶¨¸Ò¢ ÕÉ ±μ²¥¡ ´¨Ö ¶·μÉμ-
´μ¢ ¨ ´¥°É·μ´μ¢, ¤¢¨¦ÊÐ¨Ì¸Ö ¢ ¶·μÉ¨¢μË §¥, Å E1 £¨£ ´É¸±¨° ¤¨¶μ²Ó´Ò°
·¥§μ´ ´¸ (ƒ„�). �³¶²¨ÉÊ¤Ò ±μ²¥¡ ´¨° ¨§μ¢¥±Éμ·´μ° ¶²μÉ´μ¸É¨ Ö¢²ÖÕÉ¸Ö É¥´-
§μ· ³¨ ¢ ¨§μ¶·μ¸É· ´¸É¢¥ ¨ μ·¡¨É ²Ó´μ³ ¶·μ¸É· ´¸É¢¥, ÎÉμ ¶·¨¢μ¤¨É ± · ¸-
Ð¥¶²¥´¨Õ E1-·¥§μ´ ´¸  ¢ ¤¥Ëμ·³¨·μ¢ ´´ÒÌ Ö¤· Ì [115].

Šμ²¥¡ ´¨Ö ¸ τ = 1, μτ = ±1 μ¶¨¸Ò¢ ÕÉ β+/EC- ¨ β−-· ¸¶ ¤Ò, ¨ ¢
¤¥Ëμ·³¨·μ¢ ´´ÒÌ Ö¤· Ì ¶¨±¨ ¢ ¸¨²μ¢ÒÌ ËÊ´±Í¨ÖÌ É ±¦¥ ¤μ²¦´Ò ¡ÒÉÓ · ¸-
Ð¥¶²¥´Ò. Šμ²¥¡ ´¨Ö ±μ³¶μ´¥´ÉÒ ¨§μ¢¥±Éμ·´μ° ¶²μÉ´μ¸É¨ ρτ,μ=1,0 ¸μμÉ¢¥É-
¸É¢ÊÕÉ ±μ²¥¡ ´¨Ö³ ¶·μÉμ´μ¢ μÉ´μ¸¨É¥²Ó´μ ´¥°É·μ´μ¢,   ¶²μÉ´μ¸É¨ ρτ,μ=1,1 Å
±μ²¥¡ ´¨Ö³ ¶·μÉμ´´ÒÌ ¤Ò·μ± μÉ´μ¸¨É¥²Ó´μ ´¥°É·μ´μ¢.
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� ¸Ð¥¶²¥´¨¥ ¶¨±  ¢ ¸¨²μ¢μ° ËÊ´±Í¨¨ β+/EC-· ¸¶ ¤  ƒ ³μ¢ Ä’¥²²¥· 
¤¥Ëμ·³¨·μ¢ ´´μ£μ Ö¤·  160gHo ¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ¡  ´¨§μÉ·μ¶¨¨ ±μ²¥¡ ´¨°
±μ³¶μ´¥´ÉÒ ¨§μ¢¥±Éμ·´μ° ¶²μÉ´μ¸É¨ ρτ,μ=1,1 [20].

„²Ö FF-¶¥·¥Ìμ¤μ¢ ¶·¨ β+/EC-· ¸¶ ¤¥ ¤¥Ëμ·³¨·μ¢ ´´μ£μ Ö¤· 
160gHo (25,6 ³¨´) É ±¦¥ ´ ¡²Õ¤ ¥É¸Ö ·¥§μ´ ´¸´ Ö ¸É·Ê±ÉÊ·  ¢ Sβ(E) [113].
‚ μ¡² ¸É¨ Ô´¥·£¨° μ±μ²μ 2,5 ŒÔ‚ FF-¶¥·¥Ìμ¤Ò ¡μ²¥¥ ¨´É¥´¸¨¢´Ò, Î¥³
GT-¶¥·¥Ìμ¤Ò.

‚ É ¡². 6 ¶·¨¢¥¤¥´Ò ¤ ´´Ò¥ μ Ì · ±É¥·¨¸É¨± Ì Ê·μ¢´¥° 160Dy, § ¸¥²Ö¥-
³ÒÌ ¶·¨ β+/EC-· ¸¶ ¤¥ ¤¥Ëμ·³¨·μ¢ ´´μ£μ Ö¤·  ¨§μ³¥·  160mHo (2−; 5,02 Î,
QEC = 3346 ±Ô‚).

’ ¡²¨Í  6. “·μ¢´¨ 160Dy, § ¸¥²Ö¥³Ò¥ ¶·¨ β+/EC-· ¸¶ ¤¥ 160mHo (5,02(5) Î)

�´¥·£¨Ö Š¢ ´Éμ¢Ò¥ ‡ ¸¥²¥´¨¥ ¨§
log ft

Ê·μ¢´Ö, ±Ô‚ Ì · ±É¥·¨¸É¨±¨ (IπK) β+/EC-· ¸¶ ¤ , %

86,788(5) 2+0 1,0(2)* 8,9
966,17(1) 2+2 <0,3 >9

1049,12(1) 3+2 <0,9 >8,6

1264,77(1) 2−2 <0,2 >9
1285,62(2) 1−1 4,2(5) 7,9

1286,71(2) 3−2 1,2(3) 8,4
1358,67(2) 2−1 4,4(9) 7,8

1398,98(2) 3−1 1,5(3) 8,2

1489,49(3) 1−0 0,4(2) 8,8
1643,3(1) 3−0 0,6(1) 8,5

1653,7(1) (2,3) 0,11(8) 9,2

1756,88(4) (2)+ 0,3(2) 8,8
1804,70(2) 1+1 0,4(3) 8,6

1869,54(3) 2+1 0,6(2) 8,4
2009,5(1) (1,2)− 0,07(4) 9,2

2012,72(8) 2+0 <0,01 >10

2068,09(4) 1− 1,1(1) 8,0
2077,36(4) 3−3 0,41(9) 8,4

2088,8(1) (2−) 0,07(4) 9,2

2090,9(1) (2,3)− 0,16(3) 8,8
2126,43(7) 3− 0,33(8) 8,5

2130,6(1) 3− 1,4(2) 7,8
2138,22(4) (2)+ 0,1(1) > 9

2140,2(1) (3) 0,6(1) 8,2

2141,7(1) (3) 0,09(2) 9,0
2144,5(1) (2−) 0,11(1) 8,9
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�·μ¤μ²¦¥´¨¥ É ¡². 6

�´¥·£¨Ö Š¢ ´Éμ¢Ò¥ ‡ ¸¥²¥´¨¥ ¨§
log ft

Ê·μ¢´Ö, ±Ô‚ Ì · ±É¥·¨¸É¨±¨ (IπK) β+/EC-· ¸¶ ¤ , %

2149,9(1) (1,2) 0,09(3) 9,0

2191,0(1) (3−) 0,037(6) 9,4
2230,5(1) (2) 0,17(2) 8,7

2245,0(1) 3+ <0,004 >10
2255,7(1) (1,2+) 0,19(4) 8,6

2267,0(1) 3− 0,7(3) 8,0

2271,27(4) 2− 2,4(3) 7,5
2279,0(1) (3−) 0,051(9) 9,2

2297,5(1) (2)+ 0,7(1) 8,0

2323,2(1) (1,2)+ 1,0(1) 7,8
2325,3(1) (1,2)+ 0,07(1) 9,0

2327,7(1) (2+) 0,20(3) 8,5
2354,6(1) 2+ 1,6(2) 7,6

2367,5(1) 3+ 1,3(2) 7,7

2386,9(1) (3)+ 0,9(1) 7,8
2393,5(1) (2,3) 0,6(1) 8,0

2396,9(1) (1,2) 0,030(5) 9,3

2450,22(5) (1−) 0,37(6) 8,1
2469,7(2) (3)− 0, 7(1) 7,8

2474,9(1) (3) 0,09(2) 8,7
2503,8(1) 2+ 0,04(2) 9,0

2553,6(1) (3−) 0,06(3) 8,8

2574,4(1) (1,2,3)− 0,32(5) 8,1
2602,67(5) (1,2)− 0,44(6) 7,9

2610,0(1) (2+) 0,27(4) 8,1

2630,3(1) (1,2)+ 0,24(4) 8,1
2630,76(2) 1− 20(2) 6,2

2634,7(1) (1,2,3)+ 0,37(4) 7,9
2645,9(1) 3− 0,7(1) 7,6

2661,50(2) 2− 10(1) 6,5

2674,72(3) 1− 7,8(9) 6,6
2696,5(1) (2,3)− 1,6(3) 7,2

2697,8(1) 2+ 3,3(4) 6,9

2701,09(2) 1− 7,9(9) 6,5
2704,25(3) 2− 3,8(4) 6,8

2717,25(3) 2+ 2,0(3) 7,1
2718,91(7) 2− 3,9(5) 6,8
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�±μ´Î ´¨¥ É ¡². 6

�´¥·£¨Ö Š¢ ´Éμ¢Ò¥ ‡ ¸¥²¥´¨¥ ¨§
log ft

Ê·μ¢´Ö, ±Ô‚ Ì · ±É¥·¨¸É¨±¨ (IπK) β+/EC-· ¸¶ ¤ , %

2720,6(1) 3− 1,0(1) 7,4

2729,82(4) 2− 2,0(2) 7,1
2734,72(3) 1− 3,4(4) 6,8

2756,3(3) (2−) 0,11(1) 8,3
2760,5(1) (1,2) 0,6(1) 7,5

2767,7(1) 1− 0,9(1) 7,4

2822,2(2) 1+ 0,015(4) 9,0
2851,70(4) 1− 1,5(2) 7,0

2858,1(1) 3− 0,14(3) 8,0

2861,1(1) 1+ 0,45(6) 7,5
2877,10(4) 1− 0,22(4) 7,8

2879,4(1) (2) 0,23(4) 7,7
2885,6(1) (2,3)− 0,25(4) 7,7

2896,3(1) 2+ 0,9(1) 7,1

2958,5(1) 3− 0,31(5) 7,4
2969,0(2) (1,2) 0,03(1) 8,4

3004,4(1) (1,2) 0,004(1) 9,2

3024,5(1) (1,2) 0,015(2) 8,6
3061,93(5) (1,2+) 0,26(4) 7,2

�·¨³¥Î ´¨¥. �·¨ · ¸Î¥É¥ ¢¥²¨Î¨´ log ft ¨¸¶μ²Ó§μ¢ ² ¸Ó ¢¥²¨Î¨´  ¶ ·Í¨ ²Ó´μ£μ ¶¥·¨μ¤ 
¶μ ¢¥É±¥ β+/EC-· ¸¶ ¤  ¨§μ³¥·  160mHo T1/2 = 19(2) Î, ε = (EC+β+)/tot. = 0,27(3).

∗‚ ¶·¥¤¶μ²μ¦¥´¨¨, ÎÉμ β+-±μ³¶μ´¥´É  ¸ E£· = (2280 ± 50) ±Ô‚, Jβ+ = 0,04(1) %

μÉ´μ¸¨É¸Ö ± · ¸¶ ¤Ê 160mHo ¨ § ¸¥²Ö¥É Ê·μ¢¥´Ó (2+, 0).

� ¸Î¥É ¢¥²¨Î¨´ ft ¤²Ö β+/EC-· ¸¶ ¤  ¨§μ³¥·  160mHo ³μ¦´μ ¶·μ¢μ¤¨ÉÓ
¤¢Ê³Ö ¸¶μ¸μ¡ ³¨. ‚ ¶¥·¢μ³ ¸²ÊÎ ¥ ¡¥·¥É¸Ö ¢¥²¨Î¨´  ¶μ²´μ£μ ¶¥·¨μ¤  ¶μ²Ê-
· ¸¶ ¤  ¨§μ³¥·  160mHo T tot

1/2 = 5,02(5) Î,   ¸Ê³³ ·´ Ö § ¸¥²¥´´μ¸ÉÓ Ê·μ¢´¥°

¢ ¤μÎ¥·´¥³ Ö¤·¥ 160Dy, ¸¢Ö§ ´´ Ö ¸ β+/EC-· ¸¶ ¤μ³ ¨§μ³¥·  160mHo, ´μ·-
³¨·Ê¥É¸Ö ´  ¢¥²¨Î¨´Ê ε · 100 % = 27(3)%. ‚μ ¢Éμ·μ³ ¸²ÊÎ ¥ ¡¥·¥É¸Ö ¶ ·-
Í¨ ²Ó´Ò° ¶¥·¨μ¤ ¶μ ¢¥É±¥ β+/EC-· ¸¶ ¤  ¨§μ³¥·  160mHo T1/2 = 19(2) Î,
μ¶·¥¤¥²Ö¥³Ò° ± ± T1/2 = T tot

1/2/ε. ‘Ê³³ ·´ Ö § ¸¥²¥´´μ¸ÉÓ Ê·μ¢´¥° ¢ ¤μÎ¥·-

´¥³ Ö¤·¥ 160Dy, ¸¢Ö§ ´´ Ö ¸ β+/EC-· ¸¶ ¤μ³ ¨§μ³¥·  160mHo, ¤²Ö ¤ ´´μ£μ
¸²ÊÎ Ö ´μ·³¨·Ê¥É¸Ö Ê¦¥ ´  ¢¥²¨Î¨´Ê 100 %. …¸É¥¸É¢¥´´μ, ¢ μ¡μ¨Ì ¸²ÊÎ ÖÌ
³Ò ¤μ²¦´Ò ¶μ²ÊÎ¨ÉÓ μ¤´¨ ¨ É¥ ¦¥ §´ Î¥´¨Ö ft. ‚ É ¡². 6 ¶·¨¢¥¤¥´Ò ¤ ´´Ò¥
¤²Ö · ¸Î¥É  ¶μ ¢Éμ·μ³Ê ¢ ·¨ ´ÉÊ, ¶μ¸±μ²Ó±Ê ¤²Ö ´¥£μ ¡μ²¥¥ ¶·μ¸Éμ μÍ¥´¨-
¢ ÉÓ ¶μ£·¥Ï´μ¸ÉÓ, ¸¢Ö§ ´´ÊÕ ¸ ¶μ£·¥Ï´μ¸ÉÓÕ §´ Î¥´¨Ö ε = (EC/β+)/tot., ¨
¶·μ¢μ¤¨ÉÓ μ±·Ê£²¥´¨Ö.
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�¨¸. 29. Sβ(E) ¤²Ö ¶¥·¥Ìμ¤μ¢ ƒ ³μ¢ Ä’¥²²¥·  ¶·¨ β+/EC-· ¸¶ ¤¥ ¤¥Ëμ·³¨·μ¢ ´´μ£μ
Ö¤·  ¨§μ³¥·  160mHo (5,02 Î) [21]

‚ ¸²ÊÎ ¥ β+/EC-· ¸¶ ¤  ƒ ³μ¢ Ä’¥²²¥·  ¨§μ³¥·  160mHo Sβ(E) ¨³¥¥É
Ö·±μ ¢Ò· ¦¥´´ÊÕ ·¥§μ´ ´¸´ÊÕ ¸É·Ê±ÉÊ·Ê. �¸´μ¢´μ° ¶¨± ¢ Sβ(E) ´ Ìμ¤¨É¸Ö
¶·¨ Ô´¥·£¨¨ ¢μ§¡Ê¦¤¥´¨Ö 2630 ±Ô‚ ¤μÎ¥·´¥£μ Ö¤·  160Dy, ÎÉμ ¶·¨³¥·´μ ´ 
1 ŒÔ‚ ¡μ²ÓÏ¥, Î¥³ ¤²Ö · ¸¶ ¤  160gHo. �μÔÉμ³Ê ¢Éμ· Ö ±μ³¶μ´¥´É  ¶¨±  ¢
Sβ(E) ¤²Ö · ¸¶ ¤  ¨§μ³¥·  160mHo ³μ¦¥É ¨³¥ÉÓ Ô´¥·£¨Õ ¡μ²ÓÏ¥, Î¥³ QEC =
3346 ±Ô‚, ¨ ´¥ ¶·μÖ¢²ÖÉÓ¸Ö ¶·¨ β+/EC-· ¸¶ ¤¥ 160mHo, ¨ ¢ ¤ ´´μ³ ¸²ÊÎ ¥
(·¨¸. 29) ³Ò ³μ¦¥³ ´ ¡²Õ¤ ÉÓ ²¨ÏÓ Ë· £³¥´ÉÒ ®Ì¢μ¸É ¯ ¢Éμ·μ° ±μ³¶μ´¥´ÉÒ
· ¸Ð¥¶²¥´´μ£μ ¶¨±  ¤²Ö Sβ(E).

„²Ö β+/EC-· ¸¶ ¤  ƒ ³μ¢ Ä’¥²²¥·  ¤¥Ëμ·³¨·μ¢ ´´μ£μ Ö¤·  160mHo μ¸-
´μ¢´μ° ¶¨± (·¨¸. 29) ¢ Sβ(E) ¨³¥¥É ³¥´ÓÏÊÕ  ³¶²¨ÉÊ¤Ê ¶μ ¸· ¢´¥´¨Õ ¸
μ¸´μ¢´Ò³ ¶¨±μ³ [21] ¢ Sβ(E) ¤²Ö · ¸¶ ¤  160gHo, ÎÉμ ¸¢Ö§ ´μ ¸ § ¶·¥Éμ³
¶μ  ¸¨³¶ÉμÉ¨Î¥¸±¨³ ±¢ ´Éμ¢Ò³ Î¨¸² ³ ¤²Ö β+/EC-· ¸¶ ¤  ƒ ³μ¢ Ä’¥²²¥· 
¨§μ³¥·  160mHo.

„²Ö β+/EC-· ¸¶ ¤μ¢ ¶¥·¢μ£μ § ¶·¥É  ¨§μ³¥·  160mHo μ¡´ ·Ê¦¥´μ
(·¨¸. 30) ¶·μÖ¢²¥´¨¥ ·¥§μ´ ´¸´μ° ¸É·Ê±ÉÊ·Ò ¢ ¸¨²μ¢μ° ËÊ´±Í¨¨ Sβ(E).

‘¨²Ó´μ¥ ¸³¥Ï¨¢ ´¨¥ ±μ´Ë¨£Ê· Í¨° ¶·¨ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ ¢μ§¡Ê¦¤¥-
´¨Ö ¨ ¶²μÉ´μ¸ÉÖÌ Ê·μ¢´¥° ¤μ²¦´μ ¶·¨¢μ¤¨ÉÓ ± ¨¸Î¥§´μ¢¥´¨Õ ·¥§μ´ ´¸´μ°
¸É·Ê±ÉÊ·Ò ¢ ¸¨²μ¢ÒÌ ËÊ´±Í¨ÖÌ Sβ(E). � ²¨Î¨¥ ¶·¨¡²¨¦¥´´μ° ¸¨³³¥É·¨¨
Ö¤¥·´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶·¥¶ÖÉ¸É¢Ê¥É ¸³¥Ï¨¢ ´¨Õ ·Ö¤  ±μ´Ë¨£Ê· Í¨°. „²Ö
±μ´Ë¨£Ê· Í¨°, § ¸¥²Ö¥³ÒÌ ¶·¨ β+/EC-¶¥·¥Ìμ¤ Ì ƒ ³μ¢ Ä’¥²²¥· , ¸³¥Ï¨-
¢ ´¨¥ ¡μ²¥¥ ¸² ¡μ¥ ¢¸²¥¤¸É¢¨¥ Î ¸É¨Î´μ° SU(4) ¸¶¨´-¨§μ¸¶¨´μ¢μ° ¸¨³³¥-
É·¨¨ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ Ö¤·¥ [3, 20, 21]. „²Ö β+/EC-¶¥·¥Ìμ¤μ¢ ¶¥·¢μ£μ § -
¶·¥É  É ±¦¥ ´ ¡²Õ¤ ¥É¸Ö ·¥§μ´ ´¸´ Ö ¸É·Ê±ÉÊ·  ¢ ¸¨²μ¢μ° ËÊ´±Í¨¨ Sβ(E)
(·¨¸. 25, 28, 30). � ²¨Î¨¥ ·¥§μ´ ´¸´μ° ¸É·Ê±ÉÊ·Ò ¢ ¸¨²μ¢μ° ËÊ´±Í¨¨ β+/EC-
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�¨¸. 30. Sβ(E) ¤²Ö ¶¥·¥Ìμ¤μ¢ ¶¥·¢μ£μ § ¶·¥É  ¶·¨ β+/EC-· ¸¶ ¤¥ ¤¥Ëμ·³¨·μ¢ ´´μ£μ
Ö¤·  ¨§μ³¥·  160mHo (5,02 Î) [21]

¶¥·¥Ìμ¤μ¢ ¶¥·¢μ£μ § ¶·¥É  ³μ¦¥É ¸¢¨¤¥É¥²Ó¸É¢μ¢ ÉÓ μ ¸ÊÐ¥¸É¢μ¢ ´¨¨ ¸μμÉ-
¢¥É¸É¢ÊÕÐ¥° ¶¥·¢μ³Ê § ¶·¥ÉÊ Î ¸É¨Î´μ° ¸¨³³¥É·¨¨ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ Ö¤·¥.
�Éμ μ§´ Î ¥É, ÎÉμ ±μ´Ë¨£Ê· Í¨¨, § ¸¥²Ö¥³Ò¥ ¶·¨ ¶¥·¥Ìμ¤ Ì ¶¥·¢μ£μ § ¶·¥É ,
É ±¦¥ ¢Ò¤¥²¥´Ò ¶μ ¶·¨¡²¨¦¥´´Ò³ ±¢ ´Éμ¢Ò³ Î¨¸² ³ ¸·¥¤¨ ¸μ¸¥¤´¨Ì Ê·μ¢-
´¥° ¤μÎ¥·´¥£μ Ö¤·  ¨ ¸¨²Ó´μ£μ ¸³¥Ï¨¢ ´¨Ö ±μ´Ë¨£Ê· Í¨° ´¥ ¶·μ¨¸Ìμ¤¨É.

‚ ¸É É¨¸É¨Î¥¸±μ° ³μ¤¥²¨ ¶μ² £ ÕÉ [17] Sβ(E) = const ¨²¨ Sβ(E) ≈
ρ(E), £¤¥ ρ(E) Å ¶²μÉ´μ¸ÉÓ Ê·μ¢´¥° ¤μÎ¥·´¥£μ Ö¤· . �μ²ÊÎ¥´´Ò¥ Ô±¸¶¥·¨-
³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ [7, 18, 20, 21, 47] μ¤´μ§´ Î´μ ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ μ ´¥¶·¨³¥-
´¨³μ¸É¨ ¸É É¨¸É¨Î¥¸±μ° ³μ¤¥²¨ ¤²Ö · ¸Î¥É  Sβ(E) ± ± ¤²Ö GT-¶¥·¥Ìμ¤μ¢,
É ± ¨ FF-¶¥·¥Ìμ¤μ¢.

’ ±¨³ μ¡· §μ³, ¨¸¶μ²Ó§μ¢ ´¨¥ ³¥Éμ¤μ¢ Ö¤¥·´μ° ¸¶¥±É·μ¸±μ¶¨¨ ¢Ò¸μ±μ£μ
· §·¥Ï¥´¨Ö, É ± ¦¥ ± ± ¨ TAGS, ¤ ¥É Ê¡¥¤¨É¥²Ó´Ò¥ ¤μ± § É¥²Ó¸É¢  ·¥§μ-
´ ´¸´μ° ¸É·Ê±ÉÊ·Ò Sβ(E) ¤²Ö GT-¶¥·¥Ìμ¤μ¢ ± ± ¢ ¸Ë¥·¨Î¥¸±¨Ì, É ± ¨ ¢
¤¥Ëμ·³¨·μ¢ ´´ÒÌ Ö¤· Ì. ‘ ¶μ³μÐÓÕ ³¥Éμ¤μ¢ Ö¤¥·´μ° ¸¶¥±É·μ¸±μ¶¨¨ ¢Ò¸μ-
±μ£μ · §·¥Ï¥´¨Ö Ê¤ ²μ¸Ó Ô±¸¶¥·¨³¥´É ²Ó´μ ¤μ± § ÉÓ ·¥§μ´ ´¸´Ò° Ì · ±É¥·
Sβ(E) ¤²Ö ¶¥·¥Ìμ¤μ¢ ¶¥·¢μ£μ § ¶·¥É  (FF-¶¥·¥Ìμ¤μ¢).

‡�Š‹�—…�ˆ…

� §¢¨É¨¥ Ô±¸¶¥·¨³¥´É ²Ó´μ° É¥Ì´¨±¨ ¶μ§¢μ²Ö¥É ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¶·¨-
³¥´ÖÉÓ ³¥Éμ¤Ò Ö¤¥·´μ° ¸¶¥±É·μ¸±μ¶¨¨, μ¡² ¤ ÕÐ¨¥ ¢Ò¸μ±¨³ Ô´¥·£¥É¨Î¥-
¸±¨³ · §·¥Ï¥´¨¥³, ¤²Ö ¨¸¸²¥¤μ¢ ´¨Ö Éμ´±μ° ¸É·Ê±ÉÊ·Ò Sβ(E). � ¨¡μ²¥¥
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¶μ²´μ É ±¨¥ ¨¸¸²¥¤μ¢ ´¨Ö ¶·μ¢¥¤¥´Ò ¤²Ö ·Ö¤  Ö¤¥·, ¶μ²ÊÎ¥´´ÒÌ ´  ±μ³-
¶²¥±¸¥ Ÿ‘����-2 ¢ „Ê¡´¥.

�·¨³¥´¥´¨¥ ³¥Éμ¤μ¢ Ö¤¥·´μ° ¸¶¥±É·μ¸±μ¶¨¨ ¢Ò¸μ±μ£μ · §·¥Ï¥´¨Ö, É ±
¦¥ ± ± ¨ ³¥Éμ¤μ¢ ¸¶¥±É·μ¸±μ¶¨¨ ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö (TAGS), ¤ ¥É Ê¡¥¤¨-
É¥²Ó´Ò¥ ¤μ± § É¥²Ó¸É¢  ·¥§μ´ ´¸´μ° ¸É·Ê±ÉÊ·Ò Sβ(E) ¤²Ö GT-¶¥·¥Ìμ¤μ¢ ± ±
¢ ¸Ë¥·¨Î¥¸±¨Ì, É ± ¨ ¢ ¤¥Ëμ·³¨·μ¢ ´´ÒÌ Ö¤· Ì. ‘ ¶μ³μÐÓÕ ³¥Éμ¤μ¢ Ö¤¥·-
´μ° ¸¶¥±É·μ¸±μ¶¨¨ ¢Ò¸μ±μ£μ · §·¥Ï¥´¨Ö Ê¤ ²μ¸Ó Ô±¸¶¥·¨³¥´É ²Ó´μ ¤μ± § ÉÓ
·¥§μ´ ´¸´Ò° Ì · ±É¥· Sβ(E) ¤²Ö FF-¶¥·¥Ìμ¤μ¢ ¨ ¢ÒÖ¢¨ÉÓ · ¸Ð¥¶²¥´¨¥ ¶¨± 
¢ ¸¨²μ¢μ° ËÊ´±Í¨¨ β+/EC-· ¸¶ ¤  ƒ ³μ¢ Ä’¥²²¥·  ¤¥Ëμ·³¨·μ¢ ´´μ£μ Ö¤· 
160gHo ´  ¤¢¥ ±μ³¶μ´¥´ÉÒ. „ ´´μ¥ · ¸Ð¥¶²¥´¨¥ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ¡  ´¨§μ-
É·μ¶¨¨ ±μ²¥¡ ´¨° ±μ³¶μ´¥´ÉÒ ¨§μ¢¥±Éμ·´μ° ¶²μÉ´μ¸É¨ ρτ,μ=1,1.

Œ¥Éμ¤Ò Ö¤¥·´μ° ¸¶¥±É·μ¸±μ¶¨¨ ¢Ò¸μ±μ£μ · §·¥Ï¥´¨Ö ¢ ¸μÎ¥É ´¨¨
¸ TAGS-³¥Éμ¤ ³¨ ¶μ§¢μ²ÖÕÉ ÔËË¥±É¨¢´μ ¢ÒÖ¢²ÖÉÓ ´¥¶μ²´μÉÊ ¸Ì¥³ · ¸¶ ¤ 
 Éμ³´ÒÌ Ö¤¥·. ˆ¸¶μ²Ó§μ¢ ´¨¥ ³¥Éμ¤μ¢ Ö¤¥·´μ° ¸¶¥±É·μ¸±μ¶¨¨ ¢Ò¸μ±μ£μ · §-
·¥Ï¥´¨Ö ¶μ§¢μ²Ö¥É μ¶·¥¤¥²ÖÉÓ μ¡² ¸É¨ Ô´¥·£¨° ¢μ§¡Ê¦¤¥´¨Ö Ö¤¥·, £¤¥ ¨´É¥´-
¸¨¢´μ¸ÉÓ β+/EC-¶¥·¥Ìμ¤μ¢ ¶¥·¢μ£μ § ¶·¥É  ¸· ¢´¨³  ¨²¨ ¤ ¦¥ ¶·¥¢μ¸Ìμ¤¨É
¨´É¥´¸¨¢´μ¸É¨ ¶¥·¥Ìμ¤μ¢ ƒ ³μ¢ Ä’¥²²¥· .

‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö μ¸μ¡¥´´μ  ±ÉÊ ²Ó´Ò³ ¶·¥¤¸É ¢²Ö¥É¸Ö · §¢¨É¨¥ É¥μ·¥-
É¨Î¥¸±¨Ì ³μ¤¥²¥° ¨ ³¥Éμ¤μ¢ · ¸Î¥É  Sβ(E) ¸ ÊÎ¥Éμ³ ¤¥Ëμ·³ Í¨¨  Éμ³´ÒÌ
Ö¤¥·. �μ²ÊÎ¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ μ ¸É·Ê±ÉÊ·¥ ¸¨²μ¢ÒÌ ËÊ´±Í¨°
± ± ¤²Ö ¶¥·¥Ìμ¤μ¢ ƒ ³μ¢ Ä’¥²²¥· , É ± ¨ ¤²Ö ¶¥·¥Ìμ¤μ¢ ¶¥·¢μ£μ ¶μ·Ö¤± 
§ ¶·¥É  ¢ ¸Ë¥·¨Î¥¸±¨Ì ¨ ¤¥Ëμ·³¨·μ¢ ´´ÒÌ Ö¤· Ì Î·¥§¢ÒÎ °´μ ¢ ¦´μ ¤²Ö
¤ ²Ó´¥°Ï¥£μ ¸μ¢¥·Ï¥´¸É¢μ¢ ´¨Ö É¥μ·¥É¨Î¥¸±¨Ì ¶μ¤Ìμ¤μ¢ ± · ¸Î¥ÉÊ Sβ(E).
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