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„¨¤Ò± �.�. ¨ ¤·. P15-2014-104
‘¨´É¥§ ³¨±·μÎ ¸É¨Í ¢ ¶²μÉ´μ³ ¢μ¤μ·μ¤¥ ¶·¨ ¤ ¢²¥´¨¨ 3,5 ±¡ ·
¸ μ²μ¢Ö´´Ò³ ¸É¥·¦´¥³ ¶μ¤ ¤¥°¸É¢¨¥³ Éμ·³μ§´ÒÌ γ-±¢ ´Éμ¢
¸ ¶μ·μ£μ¢μ° Ô´¥·£¨¥° 10 ŒÔ‚

�¡· §¥Í ¢ ¢¨¤¥ ¸É¥·¦´Ö ¨§ Î¨¸Éμ£μ (99,98%) μ²μ¢ , ¶μ³¥Ð¥´´Ò° ¢ ± ³¥·Ê
¢Ò¸μ±μ£μ ¤ ¢²¥´¨Ö ¢μ¤μ·μ¤  (���‘) ¶·¨ ¤ ¢²¥´¨¨ 3,5 ±¡ ·, ¡Ò² μ¡²ÊÎ¥´ Éμ·-
³μ§´Ò³¨ γ-±¢ ´É ³¨ ¸ ¶μ·μ£μ¢μ° Ô´¥·£¨¥° 10 ŒÔ‚. �·¨ ¢¸±·ÒÉ¨¨ ���‘ ¨§ ´¥¥
¨§¢²¥Î¥´Ò ¢ §´ Î¨É¥²Ó´μ³ ±μ²¨Î¥¸É¢¥ ¸¨´É¥§¨·μ¢ ´´Ò¥ ³¨±·μÎ ¸É¨ÍÒ, ±μÉμ·Ò¥
μÉ¤¥²¨²¨¸Ó μÉ ¸É¥´μ± ·¥ ±Í¨μ´´μ° ± ³¥·Ò. �·μ¢¥¤¥´Ò ¨¸¸²¥¤μ¢ ´¨Ö Ô²¥³¥´É-
´μ£μ ¸μ¸É ¢  ¨ ³¨±·μ¸É·Ê±ÉÊ·Ò ¢¸¥Ì μ¡´ ·Ê¦¥´´ÒÌ ³¨±·μÎ ¸É¨Í ¨ ¢´ÊÉ·¥´´¨Ì
¶μ¢¥·Ì´μ¸É¥° ±μ³¶μ´¥´Éμ¢ ���‘, ¢±²ÕÎ Ö ¸É¥·¦¥´Ó ¨§ μ²μ¢ . “¸É ´μ¢²¥´μ, ÎÉμ
³¨±·μÎ ¸É¨ÍÒ ³μ¦´μ Ê¸²μ¢´μ ¶μ¤· §¤¥²¨ÉÓ ´  É·¨ É¨¶ : ²¥´ÉμÎ´Ò¥, ¶²μÉ´Ò¥ ¨
·ÒÌ²Ò¥. ‚ ·¥§Ê²ÓÉ É¥ μ¡²ÊÎ¥´¨Ö ���‘ Éμ·³μ§´Ò³¨ γ-±¢ ´É ³¨ ¶·μ¨§μÏ²¨ Ö¤¥·-
´Ò¥ ·¥ ±Í¨¨ ¸ μ¡· §μ¢ ´¨¥³ ²¥£±¨Ì Ô²¥³¥´Éμ¢ μÉ Ê£²¥·μ¤  ¤μ ³¥É ²²μ¢ ¸·¥¤´¨Ì
³ ¸¸,   É ±¦¥ ¡μ²¥¥ ÉÖ¦¥²ÒÌ, ´ ¶·¨³¥· ¡ ·¨Ö. �¡¸Ê¦¤ ÕÉ¸Ö ¢μ¸Ìμ¤ÖÐ¨¥ (¸
¸¨´É¥§μ³ Ô²¥³¥´Éμ¢ ¨§ ¡μ²¥¥ ²¥£±¨Ì) ¨ ´¨¸Ìμ¤ÖÐ¨¥ (¸ ¤¥²¥´¨¥³ ¡μ²¥¥ ÉÖ¦¥²ÒÌ
Ö¤¥· ´  ¡μ²¥¥ ²¥£±¨¥ Ô²¥³¥´ÉÒ) Ö¤¥·´Ò¥ ·¥ ±Í¨¨.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¨³. ƒ. �.”²¥·μ¢  �ˆŸˆ.

�·¥¶·¨´É �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2014

Didyk A.Yu. et al. P15-2014-104
Synthesis of Microparticles in Dense Hydrogen at a Pressure
of 3.5 kbar with a Tin Rod under Irradiation with Braking γ-Rays
of a Threshold Energy of 10 MeV

A rod of pure (99.98%) tin was placed in a hydrogen high-pressure cham-
ber (HHPC) at a pressure of 3.5 kbar was irradiated with braking γ-rays of 10 MeV
threshold energy. Upon opening the HHPC, a large number of synthesized micropar-
ticles detached from the reaction chamber walls and spilled out. Detailed studies of
the element composition and structure of microparticles and all the internal surfaces
of the HHPC components, including the tin rod, have been carried out. It is found
that the microparticles can be divided into three types: banded, loose and compact.
As a result of irradiation of the HHPC with the braking γ-rays, nuclear reactions
took place with the formation of light elements from carbon to medium-mass metals,
as well as heavier ones, such as barium. Possible upward (with synthesis of ele-
ments from lighter ones) and downstream (with ˇssion of heavier nuclei into lighter
elements) nuclear reactions are discussed.

The investigation has been performed at the Flerov Laboratory of Nuclear
Reactions, JINR.
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‚ Í¨±²¥ · ´¥¥ ¢Ò¶μ²´¥´´ÒÌ ¨¸¸²¥¤μ¢ ´¨° ¡Ò²¨ ¨§ÊÎ¥´Ò ¨§³¥´¥´¨Ö Ô²¥-
³¥´É´μ£μ ¸μ¸É ¢ , ¸É·Ê±ÉÊ·Ò ¢¸¥Ì ¢´ÊÉ·¥´´¨Ì ¶μ¢¥·Ì´μ¸É¥° ¨ ³´μ¦¥¸É¢¥´´Ò¥
¸¨´É¥§¨·μ¢ ´´Ò¥ μ¡· §μ¢ ´¨Ö (³ ±·μ- ¨ ³¨±·μÎ ¸É¨ÍÒ) ¨§ · ´¥¥ μÉ¸ÊÉ¸É¢μ-
¢ ¢Ï¨Ì Ì¨³¨Î¥¸±¨Ì Ô²¥³¥´Éμ¢ ¢ ´ ¸ÒÐ¥´´μ³ ¤¥°É¥·¨¥³ ¶ ²² ¤¨¨ ¢ ¶²μÉ´μ³
£ §μμ¡· §´μ³ ³μ²¥±Ê²Ö·´μ³ ¤¥°É¥·¨¨ [1Ä13], ¢ ³¥É ²² Ì (Al, V, Cu, Re) ¨
¸¶² ¢ Ì (YMn2, ´¥·¦ ¢¥ÕÐ Ö ¸É ²Ó) ¢ ¶²μÉ´μ³ £ §μμ¡· §´μ³ ¤¥°É¥·¨¨ [14Ä
19], ¢ ¶ ²² ¤¨¨, ´ ¸ÒÐ¥´´μ³ ¢μ¤μ·μ¤μ³ [20Ä23], ¢ ¶²μÉ´μ³ £ §μμ¡· §´μ³ ³μ-
²¥±Ê²Ö·´μ³ ¢μ¤μ·μ¤¥ [24, 25], ¢ ¶²μÉ´μ³ £ §μμ¡· §´μ³ £¥²¨¨ [26]. Œμ¤¥²Ó´Ò°
¶μ¤Ìμ¤ ¤²Ö μ¶¨¸ ´¨Ö ¢¸¥Ì ¢μ§³μ¦´ÒÌ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¨  Éμ³´ÒÌ ¶·μÍ¥¸¸μ¢
¶·¨ μ¡²ÊÎ¥´¨¨ γ-±¢ ´É ³¨ ¸ Ô´¥·£¨Ö³¨ ¢ ¤¨ ¶ §μ´¥ 10Ä25 ŒÔ‚  Éμ³μ¢ ¸·¥¤Ò
¢ μ¡²ÊÎ ¥³ÒÌ ± ³¥· Ì DHPC, HHPC ¨ HeHPC (deuterium, hydrogen and helium
high pressure chambers) ¶·¥¤²μ¦¥´ ±μ´¸¶¥±É¨¢´μ ¢ · ¡μÉ Ì [21, 24, 26, 27].

–¥²Ó ¤ ´´μ° · ¡μÉÒ Å ¨¸¸²¥¤μ¢ ÉÓ ¨§³¥´¥´¨Ö Ô²¥³¥´É´μ£μ ¸μ¸É ¢  ¨
¸É·Ê±ÉÊ·, ±μÉμ·Ò¥ μ¡· §ÊÕÉ¸Ö ´  ¢´ÊÉ·¥´´¥° ¶μ¢¥·Ì´μ¸É¨ ·¥ ±Í¨μ´´μ° ± -
³¥·Ò, § ¶μ²´¥´´μ° ¶²μÉ´Ò³ ³μ²¥±Ê²Ö·´Ò³ ¢μ¤μ·μ¤μ³ ¸ μ¡· §Íμ³ ¨§ μ²μ¢ ,
¶·¨ ¢μ§¤¥°¸É¢¨¨ γ-±¢ ´Éμ¢ ¸ Ô´¥·£¨¥° 10 ŒÔ‚.

1. �Š‘�…�ˆŒ…�’�‹œ�›… “‘‹�‚ˆŸ
ˆ ����Œ…’�› ��‹“—…�ˆŸ γ-Š‚��’�Œˆ

‘Ì¥³  Ô±¸¶¥·¨³¥´É ²Ó´μ° HHPC ¸ μ¡· §Íμ³ μ²μ¢ , ¨¸¶μ²Ó§μ¢ ´´ Ö ¢ ¤ ´-
´μ³ Ô±¸¶¥·¨³¥´É¥, ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 1.

Š ± ¢¨¤´μ, ¢´ÊÉ·¨ ± ³¥·Ò ¡Ò² · ¸¶μ²μ¦¥´ ¤μ¸É ÉμÎ´μ ³ ¸¸¨¢´Ò° μ¡· -
§¥Í ¢ ¢¨¤¥ Í¨²¨´¤·  ¨§ μ²μ¢  (¶μ§. 2) ¸ Î¨¸ÉμÉμ° (99,98%) ¸ ¨¸Ìμ¤´μ° ³ ¸¸μ°
8,5731 £ ¶·¨ ¤²¨´¥ 17 ³³ ¨ ¤¨ ³¥É·¥ 9,5 ³³. ‘ μ¡¥¨Ì ¸Éμ·μ´ ÔÉμÉ Í¨²¨´¤·
§ ±·¥¶²Ö²¸Ö ¤¢Ê³Ö ¢ÉÊ²± ³¨ (¶μ§. 4) ¨§ ¡¥·¨²²¨¥¢μ° ¡·μ´§Ò (��). ‚´ÊÉ·¥´´ÖÖ
± ³¥· , ¢ ±μÉμ·μ° ´ Ìμ¤¨²¸Ö Í¨²¨´¤·¨Î¥¸±¨° μ¡· §¥Í μ²μ¢ , ¡Ò²  Éμ£μ ¦¥
¸μ¸É ¢ , ÎÉμ ¨ ¸¡μ·´¨± ¶·μ¤Ê±Éμ¢ ·¥ ±Í¨° (¶μ§. 3),   ¨³¥´´μ ¨§ ��. ‚Ìμ¤´μ¥
μ±´μ (¶μ§. 1), ± ± ¨ · ´¥¥ [1Ä13], ¡Ò²μ ¨§£μÉμ¢²¥´μ ¨§ ��. ˆ¸Ìμ¤´μ¥ ¤ ¢²¥-
´¨¥ ¢μ¤μ·μ¤  ¢´ÊÉ·¨ ·¥ ±Í¨μ´´μ° ± ³¥·Ò ¸μ¸É ¢²Ö²μ 3,5 ±¡ ·. �·¨ É ±μ³
¤ ¢²¥´¨¨ ³ ¸¸μ¢ Ö ¶²μÉ´μ¸ÉÓ ¢μ¤μ·μ¤  ¶·¨¡²¨¦¥´´μ · ¢´  0,0868 £ · ¸³−3,  
 Éμ³´ Ö ¶²μÉ´μ¸ÉÓ ¢μ¤μ·μ¤  Å 5,186 · 1022  É.� · ¸³−3 [10].
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�¨¸. 1. ‘Ì¥³  ·¥ ±Í¨μ´´μ° ± ³¥·Ò, § ¶μ²´¥´´μ° ¢μ¤μ·μ¤μ³ ¸ μ¡· §Íμ³ Sn: 1 Å
¢Ìμ¤´μ¥ μ±´μ ¨§ ¡¥·¨²²¨¥¢μ° ¡·μ´§Ò; 2 Å μ¡· §¥Í μ²μ¢ ; 3 Å ¸¡μ·´¨± ¶·μ¤Ê±Éμ¢;
4 Å ¤¢¥ ·¥ ±Í¨μ´´ÒÌ ± ³¥·Ò (¢ÉÊ²±¨)

	´¥·£¨Ö Ô²¥±É·μ´μ¢ ¶·¨ μ¡²ÊÎ¥´¨¨ ´  Ê¸±μ·¨É¥²¥ Œ’-25 ‹ ¡μ· Éμ·¨¨
Ö¤¥·´ÒÌ ·¥ ±Í¨° ¨³. ƒ. �.”²¥·μ¢  ¸μ¸É ¢²Ö²  Ee

∼= 10 ŒÔ‚,   Éμ± ¶ÊÎ± 
¢ ·Ó¨·μ¢ ²¸Ö ¢ ¶·¥¤¥² Ì 22Ä24 ³±�. „²Ö ¶μ²ÊÎ¥´¨Ö Éμ·³μ§´ÒÌ γ-±¢ ´Éμ¢
¨¸¶μ²Ó§μ¢ ² ¸Ó ¢μ²ÓË· ³μ¢ Ö ³¨Ï¥´Ó Éμ²Ð¨´μ° 2,5 ³³, §  ±μÉμ·μ° · ¸¶μ-
² £ ²¸Ö ¶μ£²μÉ¨É¥²Ó Ô²¥±É·μ´μ¢ ¨§  ²Õ³¨´¨Ö Éμ²Ð¨´μ° 25 ³³. ’¥³¶¥· ÉÊ· 
§ Ð¨É´μ° μ¡μ²μÎ±¨ HHPC ¢ ¸É Í¨μ´ ·´μ³ ·¥¦¨³¥ ¶·¨ μ¡²ÊÎ¥´¨¨ ¸μ¸É ¢²Ö² 
60−64 ◦‘. �¡²ÊÎ¥´¨¥ γ-±¢ ´É ³¨ ¡Ò²μ ¶·μ¢¥¤¥´μ ¢ É¥Î¥´¨¥ 69 Î 47 ³¨´ (É. ¥.
2,5 · 105 ¸).

�·¨ ¢¸±·ÒÉ¨¨ ± ³¥·Ò ¨§³¥·¥´´μ¥ §´ Î¥´¨¥ ¤ ¢²¥´¨Ö ¢μ¤μ·μ¤  μ± § ²μ¸Ó
· ¢´Ò³ ¶·¨³¥·´μ 3,0 ±¡ ·,   ¨§ ·¥ ±Í¨μ´´μ° ± ³¥·Ò ¢Ò¶ ²μ §´ Î¨É¥²Ó´μ¥
±μ²¨Î¥¸É¢μ Î ¸É¨Í Î¥·´μ£μ Í¢¥É  (¶·¨³¥·´μ 30Ä40 ÏÉ.). B¸¥ ¢´ÊÉ·¥´´¨¥
¶μ¢¥·Ì´μ¸É¨ ±μ³¶μ´¥´Éμ¢ ���‘ (¶μ§. 1Ä4), ¨³¥¢Ï¨¥ ±μ´É ±É ¸ ¢μ¤μ·μ¤μ³,
¨ §´ Î¨É¥²Ó´ Ö Î ¸ÉÓ ÔÉ¨Ì ¸¨´É¥§¨·μ¢ ´´ÒÌ Î ¸É¨Í ¡Ò²¨ ¨¸¸²¥¤μ¢ ´Ò ³¥-
Éμ¤μ³ · ¸É·μ¢μ° Ô²¥±É·μ´´μ° ³¨±·μ¸±μ¶¨¨ (�	Œ) ¨ ·¥´É£¥´μ¢¸±μ° Ô´¥·£μ-
¤¨¸¶¥·¸¨μ´´μ° ¸¶¥±É·μ¸±μ¶¨¨ (�	„‘), ¶μ§¢μ²ÖÕÐ¥° ¶·μ¢¥¸É¨ μ¶·¥¤¥²¥´¨¥
Ô²¥³¥´Éμ¢ μÉ B ¤μ U ¸ ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓÕ ¤μ ¤¥¸ÖÉÒÌ ¤μ²¥° ¶·μÍ¥´É . ˆ§³¥·¥-
´¨Ö ¡Ò²¨ ¶·μ¢¥¤¥´Ò ¢ ´¥¸±μ²Ó±¨Ì ´¥§ ¢¨¸¨³ÒÌ Í¥´É· Ì (c³. É ±¦¥ μ¶¨¸ ´¨¥
Í¥´É·μ¢ ¢ [32, 33]), ¢±²ÕÎ Ö  ´ ²¨É¨Î¥¸±¨° Í¥´É· �–‚� ��� (�	Œ, JSM-
5910LV, JEOL c  ´ ²¨É¨Î¥¸±μ° ¸¨¸É¥³μ° AZtecEnergy ®Oxford Instruments¯).
�μ¸±μ²Ó±Ê  ´ ²¨§ Ô²¥³¥´É´μ£μ ¸μ¸É ¢  ¶·μ¨§¢μ¤¨²¸Ö ¸ μ¡· §Íμ¢ ¸ ¨¸Ìμ¤´μ°
´¥·μ¢´μ° ¶μ¢¥·Ì´μ¸ÉÓÕ, ¡¥§ ¶·μ¡μ¶μ¤£μÉμ¢±¨ ¸ ¶·¨£μÉμ¢²¥´¨¥³ μ¡· §Í  ¸
¶μ²¨·μ¢ ´´μ° ¶μ¢¥·Ì´μ¸ÉÓÕ, ¶μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ´μ¸ÖÉ ± Î¥¸É¢¥´´Ò° Ì -
· ±É¥·. �¸´μ¢´μ° § ¤ Î¥° ÔÉμ£μ  ´ ²¨§  ¡Ò²μ μ¡´ ·Ê¦¥´¨¥ ´μ¢ÒÌ Ô²¥³¥´Éμ¢,
μ¡· §μ¢ ¢Ï¨Ì¸Ö ¢ ¶·μÍ¥¸¸¥ ¸¨´É¥§ .

2. ‘‚�‰‘’‚� ˆ �‹…Œ…�’�›‰ ‘�‘’�‚
ˆ‡“—…��›• Œ…’�„�Œˆ ��Œ ˆ ��„‘ —�‘’ˆ–

�¡Ð¨³ ¤²Ö ¢¸¥Ì ¨§ÊÎ¥´´ÒÌ Î ¸É¨Í ¡Ò²μ ¨Ì μ¡· §μ¢ ´¨¥ ¨§ Ì¨³¨Î¥¸±¨Ì
Ô²¥³¥´Éμ¢ ¢ £ §μ¢μ° Ë §¥. ‚μ§³μ¦´μ, μ´¨ ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° Ê£²¥¢μ¤μ·μ¤´Ò¥
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¶μ²¨³¥·Ò, μ¡· §μ¢ ¢Ï¨¥¸Ö ¢ ¶·μÍ¥¸¸¥ £¨¤·¨·μ¢ ´¨Ö Ê£²¥·μ¤ ; ± ¸μ¦ ²¥´¨Õ,
³¥Éμ¤ �	„‘ ´¥ ¶μ§¢μ²Ö¥É ¶·μ¢¥¸É¨ Ô²¥³¥´É´Ò°  ´ ²¨§ ´  ¸μ¤¥·¦ ´¨¥ ¢μ¤μ-
·μ¤ .

‚ ¸μμÉ¢¥É¸É¢¨¨ ¸ ³¨±·μ¸É·Ê±ÉÊ·μ° ¸·¥¤¨ ¸¨´É¥§¨·μ¢ ´´ÒÌ Î ¸É¨Í, μ¡-
´ ·Ê¦¥´´ÒÌ ¢ μ¡Ñ¥³¥ ���‘ ¶¥·¥¤ Í¨²¨´¤·μ³ ¨§ μ²μ¢  ¨ ¢ μ¡Ñ¥³¥ §  ´¨³,
³μ¦´μ ¢Ò¤¥²¨ÉÓ É·¨ Ì · ±É¥·´ÒÌ É¨¶ : ²¥´ÉμÎ´Ò¥, ¸¢¥É²Ò¥ ¶²μÉ´Ò¥ ¨ ·ÒÌ-
²Ò¥, ¶·¥¤¸É ¢²ÖÕÐ¨¥ ¸μ¡μ°  £²μ³¥· É ¨§ ³¥²±μ¤¨¸¶¥·¸´ÒÌ Î ¸É¨Í.

�  ·¨¸. 2 ¶·¨¢¥¤¥´Ò: �	Œ-¨§μ¡· ¦¥´¨¥ ¢ μÉ· ¦¥´´ÒÌ Ô²¥±É·μ´ Ì (Z-
±μ´É· ¸É) Î ¸É¨ÍÒ, ¸μ¸ÉμÖÐ¥° ¨§ ¶·μÉÖ¦¥´´ÒÌ ¶μ²μ¸ ¤²¨´μ° ¡μ²¥¥ 1,26 ³³ ¨
Ï¨·¨´μ° ¶μ·Ö¤±  0,80 ³³ ( ), ¨ ·¥´É£¥´μ¢¸±¨¥ Ô³¨¸¸¨μ´´Ò¥ ¸¶¥±É·Ò 1 ¨ 2 (¡).
ˆ§ ·¨¸. 2,   ¢¨¤´μ, ÎÉμ ´  μ¡· §μ¢ ¢Ï¨Ì¸Ö ²¥´ÉμÎ´ÒÌ ¸É·Ê±ÉÊ· Ì ¸ Ê£²¥·μ¤´μ°
μ¸´μ¢μ° ¨³¥ÕÉ¸Ö ³¨±·μμ¡² ¸É¨ ¸ ¢±²ÕÎ¥´¨¥³ Ô²¥³¥´Éμ¢ ¸ ¡μ²ÓÏ¨³¨, Î¥³ Ê
Ê£²¥·μ¤ ,  Éμ³´Ò³¨ ´μ³¥· ³¨ (¸¢¥É²Ò¥ ÊÎ ¸É±¨ ¢ Z-±μ´É· ¸É¥).

�Í¥´±  Ô²¥³¥´É´μ£μ ¸μ¸É ¢  ¶μ± §Ò¢ ¥É, ÎÉμ ¢ ³¨±·μμ¡² ¸ÉÖÌ ¶·¥μ¡² -
¤ ¥É ´ ¡μ· Ô²¥³¥´Éμ¢ Na, Al, P, Si, S, Cl, K, Ca, Ti ¨ Fe, ¸μ¤¥·¦ ´¨¥ ±μÉμ·ÒÌ
´ Ìμ¤¨É¸Ö ¢ ¶·¥¤¥² Ì 0,02Ä0,27 ³ ¸¸.%. �¸´μ¢´Ò³¨ ±μ³¶μ´¥´É ³¨ ¢ ´¨Ì
Ö¢²ÖÕÉ¸Ö μ±¸¨¤Ò Na, Al ¨ Si. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¸μ¤¥·¦ ´¨¥ É¨É ´  ÌμÉÖ
¨ ³ ²μ, ´μ ¶·¥¢ÒÏ ¥É ¶μ·μ£ ÎÊ¢¸É¢¨É¥²Ó´μ¸É¨ μ¶·¥¤¥²¥´¨Ö. �·¨¸ÊÉ¸É¢¨¥ μ±-
¸¨¤μ¢ ¢ Ê¸²μ¢¨ÖÌ ¤ ´´μ£μ Ô±¸¶¥·¨³¥´É  ³μ¦¥É μ¡ÑÖ¸´ÖÉÓ¸Ö ¤μ¸É ÉμÎ´μ ´¨§±μ°
É¥³¶¥· ÉÊ·μ° ¢ ± ³¥·¥.

�¨¸. 2. �	Œ-¨§μ¡· ¦¥´¨¥ Î ¸É¨ÍÒ, ¸μ¸ÉμÖÐ¥° ¨§ ¶·μÉÖ¦¥´´ÒÌ ¶μ²μ¸ ( ), ¨ ·¥´É£¥-
´μ¢¸±¨¥ Ô³¨¸¸¨μ´´Ò¥ ¸¶¥±É·Ò (¡)
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�¨¸. 3. �	Œ-¨§μ¡· ¦¥´¨Ö ¸¢¥É²μ° Î ¸É¨ÍÒ ( ) ¨ ¸μ¶μ¸É ¢²¥´¨¥ ¸¶¥±É·μ¢ · §²¨Î´ÒÌ
¥¥ ÊÎ ¸É±μ¢ (¡)

‘¶¥±É·Ò ´¥¸±μ²Ó±¨Ì ¨¸¸²¥¤μ¢ ´´ÒÌ ¸¢¥É²ÒÌ ¶²μÉ´ÒÌ Î ¸É¨Í Ê± §Ò¢ ²¨
´   ´ ²μ£¨Õ ¢ ¨Ì ¸μ¸É ¢¥: ´  Ëμ´¥ Ê£²¥·μ¤´μ° μ¸´μ¢Ò ·¥£¨¸É·¨·μ¢ ²μ¸Ó ¶·¨-
¸ÊÉ¸É¢¨¥ ± ²¨Ö,  ²Õ³¨´¨Ö, ±·¥³´¨Ö, ¸¥·Ò, Ì²μ· , ± ²ÓÍ¨Ö, ³¥¤¨ ¨ Í¨´± .

ˆ§ ¸μ¶μ¸É ¢²¥´¨Ö �	Œ-¨§μ¡· ¦¥´¨° ÊÎ ¸É±μ¢ Î ¸É¨ÍÒ ¸ · §´Ò³ Ê¢¥²¨-
Î¥´¨¥³ (·¨¸. 3) ¢¨¤´μ, ÎÉμ · §³¥· Î ¸É¨Í (¡¥²Ò¥ ¢±²ÕÎ¥´¨Ö) ´  Ê£²¥·μ¤´μ°
μ¸´μ¢¥ (¸¥· Ö ³ ¸¸ ) ±μ²¥¡²¥É¸Ö μÉ ´ ´μ³¥É·μ¢ÒÌ ¤μ ³¨²²¨³¥É·μ¢ÒÌ · §-
³¥·μ¢. — ¸É¨ÍÒ ¨³¥ÕÉ · §²¨Î ÕÐ¨¥¸Ö ¸μ¸É ¢Ò, ÎÉμ ¢¨¤´μ ¨§ ¸μ¶μ¸É ¢²¥-
´¨Ö ¸¶¥±É·μ¢. �·¨ ÔÉμ³ ¸ ³μ¸ÉμÖÉ¥²Ó´ÊÕ Ë §Ê μ¡· §ÊÕÉ ¸μ¥¤¨´¥´¨Ö ± ²ÓÍ¨Ö
(¸³. ·¨¸. 3, ¡) ¸ ¥£μ ¸μ¤¥·¦ ´¨¥³ 27,2 ³ ¸¸.%. ˆ§ μ¸É ²Ó´ÒÌ ¶·¨³¥¸¥° ¢
¸ÊÐ¥¸É¢¥´´ÒÌ ±μ²¨Î¥¸É¢ Ì ¶·¨¸ÊÉ¸É¢ÊÕÉ S� 3,3 ³ ¸¸.%, Zn � 2 ³ ¸¸.%,
Cu � 1,1 ³ ¸¸.%. �¸É ²Ó´Ò¥ Ô²¥³¥´ÉÒ ¸μ¤¥·¦ É¸Ö ¢ ¸²¥¤μ¢ÒÌ ±μ²¨Î¥¸É¢ Ì.

ˆ´ Ö ± ·É¨´  ´ ¡²Õ¤ ¥É¸Ö ¶·¨ ¨¸¸²¥¤μ¢ ´¨¨ Ô²¥³¥´É´μ£μ ¸μ¸É ¢  ·ÒÌ-
²ÒÌ Î ¸É¨Í (·¨¸. 4). �É²¨Î¨É¥²Ó´ Ö μ¸μ¡¥´´μ¸ÉÓ ÔÉ¨Ì ·ÒÌ²ÒÌ  £²μ³¥· Éμ¢ ¨§
³¥²±¨Ì Î ¸É¨Í Å ¶μÖ¢²¥´¨¥ ¢ ¨Ì ¸μ¸É ¢¥ É ±μ£μ ÉÖ¦¥²μ£μ Ô²¥³¥´É , ± ±
¡ ·¨° (12Ä28 ³ ¸¸.%),   É ±¦¥ ´ ²¨Î¨¥ ËÉμ·  (12Ä24 ³ ¸¸.%), ±·¥³´¨Ö
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�¨¸. 4. �	Œ-¨§μ¡· ¦¥´¨Ö ¤¢ÊÌ ·ÒÌ²ÒÌ Î ¸É¨Í ( ) ¨ ¸μ¶μ¸É ¢²¥´¨¥ ·¥´É£¥´μÔ³¨¸¸¨-
μ´´ÒÌ ¸¶¥±É·μ¢ ¨Ì ÊÎ ¸É±μ¢ (¡)

(¤μ 23 ³ ¸¸.%), ¸¥·Ò (0,3Ä4,5 ³ ¸¸.%), Ì·μ³  (1,1Ä1,88 ³ ¸¸.%) ¨ ³ £´¨Ö
(0,36Ä0,64 ³ ¸¸.%). ˆ§ ¸μ¶μ¸É ¢²¥´¨Ö ¢¸¥Ì ¶μ²ÊÎ¥´´ÒÌ μÉ ÔÉ¨Ì Î ¸É¨Í ¸¶¥±-
É·μ¢ ¢¨¤´μ, ÎÉμ μ¡· §μ¢ ¢Ï¨¥¸Ö ³¨±·μ¢±²ÕÎ¥´¨Ö ´¥μ¤´μ·μ¤´Ò ¶μ Ì¨³¨Î¥-
¸±μ³Ê ¸μ¸É ¢Ê.
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3. ‡�Š‹	—…�ˆ… ˆ ‚›‚�„›

�	Œ- ¨ �	„‘-¨¸¸²¥¤μ¢ ´¨Ö É·¥Ì ¢¨¤μ¢ ¸¨´É¥§¨·μ¢ ´´ÒÌ Î ¸É¨Í: ²¥´ÉμÎ-
´ÒÌ, ¸¢¥É²ÒÌ ¶²μÉ´ÒÌ ¨ ·ÒÌ²ÒÌ, ¶·¥¤¸É ¢²ÖÕÐ¨Ì  £²μ³¥· ÉÒ ¨§ ³¥²±μ¤¨¸-
¶¥·¸´ÒÌ Î ¸É¨Í, Å ¶μ§¢μ²¨²¨ μÌ · ±É¥·¨§μ¢ ÉÓ ¨Ì ¸É·μ¥´¨¥ ¨ Ô²¥³¥´É´Ò°
¸μ¸É ¢. �Ò²μ ¶μ± § ´μ, ÎÉμ ²¥´ÉμÎ´Ò¥ ¸É·Ê±ÉÊ·Ò ¸μ¤¥·¦ É Ê£²¥·μ¤, ±¨¸²μ·μ¤,
´ É·¨°,  ²Õ³¨´¨°, ±·¥³´¨°, Ëμ¸Ëμ·, ¸¥·Ê, Ì²μ·, ± ²¨°, ± ²ÓÍ¨°, É¨É ´ ¨ ¦¥-
²¥§μ. ‚ ¸¢¥É²ÒÌ ¶²μÉ´ÒÌ Î ¸É¨Í Ì μ¡´ ·Ê¦¥´Ò ´ É·¨°, ±·¥³´¨°, ¸¥· , Ì²μ·,
± ²ÓÍ¨°, ³¥¤Ó ¨ Í¨´±. �ÒÌ²Ò¥ Î ¸É¨ÍÒ μÉ²¨Î ÕÉ¸Ö ¢Ò¸μ±¨³ ¸μ¤¥·¦ ´¨¥³
¡ ·¨Ö, ËÉμ· , ¸¥·Ò, Ì·μ³ , ¢ ´¨Ì ´ °¤¥´Ò É ±¦¥ ±¨¸²μ·μ¤, ´ É·¨°, ³ £´¨°,
 ²Õ³¨´¨°, ±·¥³´¨°, ± ²ÓÍ¨°, ¦¥²¥§μ, ³¥¤Ó ¨ Í¨´±. �·μÖ¸´¨ÉÓ ¶·¨·μ¤Ê ¨¸¸²¥-
¤μ¢ ´´ÒÌ μ¡· §μ¢ ´¨° ¶μ§¢μ²¨É ³¨±·μ·¥´É£¥´μË §μ¢Ò°  ´ ²¨§, ¤²Ö ±μÉμ·μ£μ
¦¥² É¥²Ó´μ ¶μ²ÊÎ¨ÉÓ ÔÉ¨ μ¡Ñ¥±ÉÒ ¢ ¡μ²ÓÏ¥³ ±μ²¨Î¥¸É¢¥.

‚ ¶·¨²μ¦¥´¨¨ ¶·¨¢¥¤¥´  Î ¸ÉÓ ·¥ ±Í¨°, ±μÉμ·Ò¥, ¢μ§³μ¦´μ, ³μ£²¨ ¶·¨-
¢¥¸É¨ ± μ¡´ ·Ê¦¥´´μ³Ê Ô²¥³¥´É´μ³Ê ¸μ¸É ¢Ê Î ¸É¨Í ¨ ¤·Ê£¨Ì μ¡Ñ¥±Éμ¢ ¢´ÊÉ·¨
���‘, ¤¥É ²Ó´μ μ¶¨¸ ´ Ö ¢ · ¡μÉ Ì [32, 33].

�·¨²μ¦¥´¨¥

”�’�Ÿ„…��›… (γ, n)- ˆ (γ, p)-�…�Š–ˆˆ
‘ˆ�’…‡� ˆ �…�Š–ˆˆ „…‹…�ˆŸ �‹�‚� ��ˆ ‚�‡„…‰‘’‚ˆˆ
’��Œ�‡�›• γ-Š‚��’�‚ ‘ ����ƒ�‚�‰ ��…�ƒˆ…‰ 10 ŒÔ‚

�·¨¢¥¤¥³ ËμÉμÖ¤¥·´Ò¥ ·¥ ±Í¨¨ (γ, n) ¨ (γ, p) ´  ¤¥cÖÉ¨ ¶·¨·μ¤´ÒÌ ¨§μ-
Éμ¶ Ì μ²μ¢ : 112

50Sn (0,97 %), 114
50Sn (0,65 %), 155

50Sn (0,36 %), 116
50Sn (14,53%),

117
50Sn (7,68 %), 118

50Sn (24,22 %), 119
50Sn (8,58 %), 120

50Sn (32,59 %), 122
50Sn (4,63 %)

¨ 124
50Sn (5,79 %) [31, 34] :

γ + 112
50Sn → n + 111

50Sn [Q = −10,788 ŒÔ‚]
Ô.§.1, β+, 35,3 ³¨´, Ô.§., 2,83 ¸ÊÉ
−−−−−−−−−−−−−−−−−→

111
48Cd (12,8 %); (�.1 ∗)

γ + 112
50Sn → p + 111

49In [Q = −7,542 ŒÔ‚] Ô.§., 2,83 ¸ÊÉ
−−−−−−→

111
48Cd (12,8 %); (�.1¡)

γ + 114
50Sn → n + 113

50Sn [Q = −10,299 ŒÔ‚] Ô.§., 115 ¸ÊÉ
−−−−−−→

113
49In (4,3 %); (�.2 ∗)

γ + 114
50Sn → p + 113

49In [Q = −8,477 ŒÔ‚](4,3 %); (�.2¡)

γ + 115
50Sn → n + 114

50Sn [Q = −7,5465 ŒÔ‚](0,65 %); (�.3 )

1 Ô.§. Å Ô²¥±É·μ§ Ì¢ É.
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γ + 115
50Sn → p + 114

49In [Q = −8,748 ŒÔ‚] β−, 71,9 c

−−−−−→
114
50Sn (0, 65 %); (�.3¡∗)

γ + 116
50Sn → n + 115

50Sn [Q = −9,562 ŒÔ‚]; (�.4 )

γ + 116
50Sn → p + 115

49In [Q = −12,274 ŒÔ‚](4,41 · 1014 ²¥É, 95, 7 %); (�.4¡∗)

γ + 117
50Sn → n + 116

50Sn [Q = −6,944 ŒÔ‚](14, 53 %); (�.5 )

γ + 117
50Sn → p + 116

49In [Q = −9,4349 ŒÔ‚] β−, 10 c

−−−→
116
50Sn; (�.5¡)

γ + 118
50Sn → n + 117

50Sn [Q = −9,326 ŒÔ‚]; (�.6 )

γ + 118
50Sn → p + 117

49In [Q = −9,9986 ŒÔ‚] β−, 2,49 Î
−−−−−→

117
50Sn; (�.6¡∗)

γ + 119
50Sn → n + 118

50Sn [Q = −6,4845 ŒÔ‚]; (�.7 )

γ + 119
50Sn → p + 118

49In [Q = −9,9057 ŒÔ‚] β−, 5,0 c

−−−−→
118
50Sn; (�.7¡)

γ + 120
50Sn → n + 119

50Sn [Q = −9,1065 ŒÔ‚]; (�.8 )

γ + 120
50Sn → p + 119

49In [Q = −10,6608 ŒÔ‚] β−, 2,4 ³¨´
−−−−−→

119
50Sn; (�.8¡∗)

γ + 122
50Sn → n + 121

50Sn [Q = −8,8156 ŒÔ‚] β−, 27,06 Î
−−−−−−→

121
51Sb (57,39 %); (�.9 )

γ + 122
50Sn → p + 121

49In [Q = −11,393 ŒÔ‚]
β−, 23,1 c;β−, 27,06 Î
−−−−−−−−−−−−→

121
51Sb (57, 3 %); (�.9¡∗)

γ + 124
50Sn → n + 123

50Sn [Q = 8,490 ŒÔ‚] β−, 129,2 ¸ÊÉ
−−−−−−→

123
51Sb (42, 7 %); (�.10 )

γ + 124
50Sn → p + 123

49In [Q = −12,089 ŒÔ‚]
β−, 5,98 c;β−, 129,2 ¸ÊÉ
−−−−−−−−−−−−−→

123
51Sb (42, 7 %). (�.10¡∗)

‚ (�.1)Ä(�.10) ¸¨³¢μ²μ³ ®*¯ ¶μ³¥Î¥´Ò ·¥ ±Í¨¨, ±μÉμ·Ò¥ ´¥ ³μ£ÊÉ ¶·μ-
É¥± ÉÓ, É ± ± ± Ô´¥·£¨¨ γ-±¢ ´Éμ¢ Eγ < |Q|.

‚ · ¡μÉ Ì [35, 36] · §¢¨É  ³μ¤¥²Ó ¢´ÊÉ·¥´´¥° É¢¥·¤μÉ¥²Ó´μ° ±μ´¢¥·¸¨¨,
¸¤¥² ´Ò · ¸Î¥ÉÒ ¨ ¶μ± § ´μ, ÎÉμ ¢μ§³μ¦´Ò ¶·μÍ¥¸¸Ò ¶μ¤¡ ·Ó¥·´μ£μ ¸²¨Ö´¨Ö
¶·μÉμ´μ¢, ¤¥°É·μ´μ¢ ¨ Ö¤¥· ¸ Ö¤· ³¨ É¢¥·¤μ£μ É¥² , ±μ£¤  ¶·¨ É ± ´ §Ò¢ ¥³μ°
¢´ÊÉ·¥´´¥° ±μ´¢¥·¸¨¨ ¢ É¢¥·¤μ³ É¥²¥ Ô´¥·£¨Ö ¢μ§¡Ê¦¤¥´¨Ö ¸μ¸É ¢´μ£μ Ö¤·  ¢
·¥ ±Í¨ÖÌ É¨¶ 

n, p, d, N+Z
ZA + N1+Z1

Z1
A1 → γ + N1+1+Z1

Z1
A2; γ + N1+Z1+1

Z1+1A2;

(�.11)
γ + N1+1+Z1+1

Z1+1A2; γ + N1+N+Z1+Z
Z1+ZA2
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¸´¨³ ¥É¸Ö ´¥ ¨¸¶Ê¸± ´¨¥³ γ-±¢ ´É ,   ¶¥·¥¤ ¥É¸Ö É·¥ÉÓ¥° § ·Ö¦¥´´μ° ¸μ¶ÊÉ-
¸É¢ÊÕÐ¥° Î ¸É¨Í¥ (®associated particle¯, ¸³. [35, 36]) p∗, d∗ ¨²¨ Ö¤·Ê ·¥Ï¥É±¨
É¢¥·¤μ£μ É¥²  Z+N

Z A∗, É. ¥. ¶·μÉ¥± ÕÉ ·¥ ±Í¨¨ ¢¨¤ 

n, p, d, N+Z
ZA + (p′, d′, Z+N

ZA′) + N1+Z1
Z1

A1 → (p∗, d∗, Z+N
ZA∗) + N1+1+Z1

Z1
A2;

(p∗, d∗, Z+N
ZA∗) + N1+Z1+1

Z1+1A2;

(�.12)(p∗, d∗, Z+N
ZA∗) + N1+1+Z1+1

Z1+1A2;

(p∗, d∗, Z+N
ZA∗) + N1+N+Z1+Z

Z1+ZA2.

Ÿ¸´μ, ÎÉμ ¶·¨ ÔÉμ³ ¸μ¶ÊÉ¸É¢ÊÕÐ¨¥ Î ¸É¨ÍÒ p∗, d∗ ¨²¨ Ö¤·μ ·¥Ï¥É±¨
É¢¥·¤μ£μ É¥²  Z+N

Z A∗ ¶·¨μ¡·¥É ÕÉ §´ Î¨É¥²Ó´Ò¥ Ô´¥·£¨¨. ‚ ±·Ê£²ÒÌ ¸±μ¡± Ì
¢ (�.12) μÉ³¥Î¥´Ò ¸μ¶ÊÉ¸É¢ÊÕÐ¨¥ Î ¸É¨ÍÒ.

�·μÉμ´ ¨²¨ ³μ²¥±Ê²  ¢μ¤μ·μ¤  ³μ£ÊÉ ¶·¨ Ê¶·Ê£μ³ · ¸¸¥Ö´¨¨ ´  ´¨Ì
γ-±¢ ´É  ¸ Ô´¥·£¨¥° Eγ ¶·¨μ¡·¥¸É¨ ³ ±¸¨³ ²Ó´ÊÕ Ô´¥·£¨Õ [28, 37]

Emax
M = Eγ

(
1 +

Mc2

2Eγ

)−1

, (�.13)

£¤¥ M Å ³ ¸¸   Éμ³ . „²Ö  Éμ³μ¢ ¨ ³μ²¥±Ê² ¢μ¤μ·μ¤  ³ ±¸¨³ ²Ó´Ò¥ ¶¥·¥-
¤ ´´Ò¥ ¨³ γ-±¢ ´É ³¨ ¸ Eγ = 10 ŒÔ‚ ¨ 25 ŒÔ‚ Ô´¥·£¨¨ ¸μ¸É ¢²ÖÕÉ:

Emax
H (10 ŒÔ‚) = 208,6 ±Ô‚; Emax

H2
(10 ŒÔ‚) = 105,4 ±Ô‚,

(�.14)
Emax

H (25 ŒÔ‚) = 1,264 ŒÔ‚; Emax
H2

(25 ŒÔ‚) = 665,5 ±Ô‚.

‘¥Î¥´¨Ö ¶·Ö³μ£μ · ¸¸¥Ö´¨Ö γ-±¢ ´É  ´  Ö¤· Ì ³ ²Ò (¸³., ´ ¶·¨³¥·, [38,
27, 28]). �μ ¶·¨ ¢§ ¨³μ¤¥°¸É¢¨¨ γ-±¢ ´Éμ¢ ¶·μ¨¸Ìμ¤ÖÉ ´¥¶·Ö³Ò¥ ¶·μÍ¥¸¸Ò,
É ±¨¥ ± ± ËμÉμÔËË¥±É, ÔËË¥±É Šμ³¶Éμ´  ¨ ·μ¦¤¥´¨¥ ¶ · e−Äe+ [20, 23, 28],
¢ ·¥§Ê²ÓÉ É¥ ±μÉμ·ÒÌ μ¡· §ÊÕÉ¸Ö ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±¨¥ Ô²¥±É·μ´Ò ¨ ¶μ§¨-
É·μ´Ò.

�É³¥É¨³, ÎÉμ ³ ±¸¨³ ²Ó´Ò¥ ¶¥·¥¤ ´´Ò¥ Ô´¥·£¨¨ ¢ (�.14) ³μ¦´μ ¶·¥¤-
¸É ¢¨ÉÓ ¢ ¢¨¤¥ ³ ±¸¨³ ²Ó´ÒÌ É¥³¶¥· ÉÊ·  Éμ³μ¢ ¨ ³μ²¥±Ê² ¢μ¤μ·μ¤  T max

H,H2
=

2
3
Emax

H,H2
/kB , £¤¥ kB = 8,617 · 10−5 Ô‚/Š:

T max
H (10 ŒÔ‚) = 1,61 · 109 K; T max

H (25 ŒÔ‚) = 9,78 · 109 K;
(�.15)

T max
H2

(10 ŒÔ‚) = 0,815 · 109 K; T max
H2

(25 ŒÔ‚) = 5,15 · 109 K.

Š ± ¨§¢¥¸É´μ, É¥³¶¥· ÉÊ·  ´  ¶μ¢¥·Ì´μ¸É¨ ‘μ²´Í  ¸μ¸É ¢²Ö¥É 5800 Š,   ¢
Í¥´É·¥ Å 15,6 ·106 Š [30, 39]. ‚ ´ Ï¥³ ¸²ÊÎ ¥ ²μ± ²Ó´ Ö É¥³¶¥· ÉÊ·  ³μ¦¥É
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¡ÒÉÓ §´ Î¨É¥²Ó´μ ¢ÒÏ¥ (¸³. ¢Ò· ¦¥´¨Ö (�.15)), ¶μÔÉμ³Ê ·¥ ±Í¨¨ ¸ ¶·μÉμ-
´ ³¨, É ± ´ §Ò¢ ¥³μ¥ ¢Ò£μ· ´¨¥ ¶·μÉμ´μ¢ ¶μ £¥²¨¥¢μ³Ê Í¨±²Ê �¥É¥ [40, 41],
³μ£ÊÉ ¶·μ¨¸Ìμ¤¨ÉÓ (± ± ¨§¢¥¸É´μ, ·¥ ±Í¨Ö p + p → d + e+ + νe ¶·μÉ¥± ¥É
¶·¨ ¸² ¡μ³ ¢§ ¨³μ¤¥°¸É¢¨¨) ¸ ¶·¥¤¥²Ó´μ ³ ²Ò³¨ ¢¥·μÖÉ´μ¸ÉÖ³¨ (¸³. É ±¦¥
³μ´μ£· Ë¨¨ [29, 30]).

’¥³ ´¥ ³¥´¥¥ ¨¸¸²¥¤μ¢ ´¨Ö ¨§³¥´¥´¨° Ô²¥³¥´É´ÒÌ ¸μ¸É ¢μ¢ c μ¡· §μ¢ -
´¨¥³ ³¨±·μÎ ¸É¨Í ¶·¨ ¢μ§¤¥°¸É¢¨¨ Éμ·³μ§´ÒÌ γ-±¢ ´Éμ¢ ¸ ¶μ·μ£μ¢μ° Ô´¥·-
£¨¥° 10 ŒÔ‚ ¢ ¶²μÉ´μ³ ¢μ¤μ·μ¤¥ (¶·¨ ¤ ¢²¥´¨ÖÌ 0,5, 1,0, 2,5, 3,5 ±¡ ·)
(¸³. [21Ä24, 28, 32, 33]), ± ± ¨ ¢ ¶²μÉ´μ³ £¥²¨¨ (¶·¨ ¤ ¢²¥´¨ÖÌ 1,1 ¨ 3,05 ±¡ ·)
(¸³. [25, 26]), ¶μ§¢μ²¨²¨ ¸¤¥² ÉÓ ¢Ò¢μ¤ μ Éμ³, ÎÉμ ·¥ ±Í¨¨ ¸¨´É¥§  (¢μ¸Ìμ¤Ö-
Ð¨¥ ·¥ ±Í¨¨) ¨ ¤¥²¥´¨Ö (´¨¸Ìμ¤ÖÐ¨¥ ·¥ ±Í¨¨), ¶μ-¢¨¤¨³μ³Ê, ¨³¥ÕÉ ³¥¸Éμ.

‚ · ¡μÉ Ì [42Ä44] ¶μ± § ´μ, ÎÉμ ¶·¨ ¶μ¢ÒÏ¥´¨¨ Ê£²μ¢μ£μ ³μ³¥´É  ¢ ± -
¶¥²Ó´μ° ³μ¤¥²¨ Ö¤·  ¶·μ¨¸Ìμ¤¨É ¸´¨¦¥´¨¥ ¡ ·Ó¥·  ¤¥²¥´¨Ö ¨ ¸É ´μ¢ÖÉ¸Ö
¢μ§³μ¦´Ò³¨ ·¥ ±Í¨¨  ¸¨³³¥É·¨Î´μ£μ ¤¥²¥´¨Ö Ö¤¥·.

Š ± ¢¨¤´μ ¨§ ·¥§Ê²ÓÉ Éμ¢ �	„‘, ¶·¨¸ÊÉ¸É¢ÊÕÉ ¤¢  É¨¶  Î ¸É¨Í μ±·Ê£²μ°
Ëμ·³Ò, ¸μ¸ÉμÖÐ¨Ì ¶·¥¨³ÊÐ¥¸É¢¥´´μ ¨§ ³¥¤¨ ¨²¨ ¨§ ¦¥²¥§ . �μÔÉμ³Ê ¶·¥¤-
¸É ¢¨³ ·¥ ±Í¨¨, ±μÉμ·Ò¥ ³μ£ÊÉ ¶·¨¢¥¸É¨ ± μ¡· §μ¢ ´¨Õ ³¥¤¨ ¨ ¦¥²¥§ . �Ê¤¥³
· ¸¸³ É·¨¢ ÉÓ ¶·¨´Í¨¶¨ ²Ó´μ ¸ÊÐ¥¸É¢ÊÕÐ¨¥ ¨ ´¥ ¶·μÉ¨¢μ·¥Î Ð¨¥ § ±μ´ ³
¸μÌ· ´¥´¨Ö ¶μ¤¡ ·Ó¥·´Ò¥ ·¥ ±Í¨¨ ¸²¨Ö´¨Ö Ê¸±μ·¥´´ÒÌ Ö¤¥· ¨ Ö¤¥· μ²μ¢  ¸
¤¥¸ÖÉÓÕ ¥£μ ¨§μÉμ¶ ³¨:

p + 112
50Sn →

{
63
29Cu + 50

22Ti [Q = +35,6416 ŒÔ‚](5,18 %);
65
29Cu + 48

22Ti [Q = +34,380 ŒÔ‚](73,72 %);
(�.16)

p + 114
50Sn →

⎧⎪⎪⎨
⎪⎪⎩

63
29Cu + 52

22Ti [Q = +31,7765 ŒÔ‚]
β−, 1,7 ³¨´; β−, 3,743 ³¨´
−−−−−−−−−−−−−−−→

52
24Cr (83,789 %);

65
29Cu + 50

22Ti [Q = +35,4226 ŒÔ‚](5,18 %);

(�.17)

p + 115
50Sn →

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

63
29Cu + 53

22Ti [Q = +29,722 ŒÔ‚]
β−, 32,7 c; β−, 1,60 ³¨´
−−−−−−−−−−−−−→

53
24Cr (9,501 %);

65
29Cu + 51

22Ti [Q = +34,248 ŒÔ‚]
β−, 5,76 ³¨´
−−−−−−→

51
23V (99,750 %);

(�.18)

p + 116
50Sn →

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

63
29Cu + 54

22Ti [Q = +26,931 ŒÔ‚]
β−, 1,5 c; β−, 49,8 c
−−−−−−−−−−−→

54
24Cr (2,365 %);

65
29Cu + 52

22Ti [Q = +32,453 ŒÔ‚]
β−, 1,7 ³¨´; β−, 3,743 ³¨´
−−−−−−−−−−−−−−−→

52
24Cr (83,789 %);

(�.19)
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p + 117
50Sn →

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

63
29Cu + 55

22Ti [Q = +24,1386 ŒÔ‚]
β−, 0,54 c; β−, 6,54 c;β−, 3,497 ³¨´
−−−−−−−−−−−−−−−−−−−−−→

55
25Mn (100 %);

65
29Cu + 53

22Ti [Q = +30,9816 ŒÔ‚]
β−, 32,7 c; β−, 1,60 ³¨´
−−−−−−−−−−−−−→

53
54Cr (9, 501 %);

(�.20)

p+118
50Sn →

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

63
29Cu + 56

22Ti [Q = +20,1539 ŒÔ‚]
β−, 0,164 c;β−, 216 ³¸; β−, 5,94 ³¨´; β−, 2,5789 Î
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→

56
26Fe (91,754 %);

(�.21)65
29Cu + 54

22Ti [Q = +28,4869 ŒÔ‚]
β−, 1,5 c;β−, 49,8 c
−−−−−−−−−−−→

54
24Cr (2,365 %);

p + 119
50Sn →

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

63
29Cu + 57

22Ti [Q = +16,3408 ŒÔ‚]
β−, 60 ³c; β−, 350 ³c; β−, 21,1 c; β−, 85,4 c
−−−−−−−−−−−−−−−−−−−−−−−−−→

57
26Fe (2,119 %);

65
29Cu + 55

22Ti [Q = +26,1538 ŒÔ‚]
β−, 0,52 c; β−, 6,54 c; β−, 3,497 ³¨´
−−−−−−−−−−−−−−−−−−−−−→

55
25Mn (100 %);

(�.22)

p+120
50Sn →

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

63
29Cu + 58

22Ti [Q = +12,5357 ŒÔ‚]
(�.23)β−, 54 ³¸; β−, 191 ³¸; β−, 7,0 c; β−, 3,0 c

−−−−−−−−−−−−−−−−−−−−−−−−→
58
26Fe (0,282 %);

65
29Cu + 56

22Ti [Q = +22,3887 ŒÔ‚]
β−, 0,164 c; β−, 216 ³¸; β−, 5,94 ³¨´; β−, 2,5789 Î
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→

56
26Fe (91,754 %);

p+122
50Sn →

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

63
29Cu + 60

22Ti [Q = +4,5715 ŒÔ‚]
β−, 22 ³¸; β−, 40 ³¸; β−, 0,49 c; β−, 0,28 c
−−−−−−−−−−−−−−−−−−−−−−−−−→

60
26Fe (1,5 · 106 ²¥É);

65
29Cu + 58

22Ti [Q = +15, 3745 ŒÔ‚]
β−, 54 ³¸; β−, 191 ³¸; β−,7,0 c; β−, 3,0 c
−−−−−−−−−−−−−−−−−−−−−−−−→

58
26Fe (0,282 %);

(�.24)

p+124
50Sn →

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

63
29Cu + 62

22Ti [Q = +3,722 ŒÔ‚]
β−, 10 ³¸; β−, 33,5 ³¸; β−, 0,199 c;β−, 671 ³¸; β−, 68 c; β−, 1,5 ³¨´
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→

62
28Ni (3,634 %);

65
29Cu + 60

22Ti [Q = +7,960 ŒÔ‚]
(�.25)β−, 22 ³¸; β−, 40 ³¸; β−, 0,49 c;β−, 0,28 c

−−−−−−−−−−−−−−−−−−−−−−−−−→
60
26Fe (1,5 · 106 ²¥É).

Š ± ¢¨¤´μ, ¢ ¶·¨¢¥¤¥´´ÒÌ ¢ÒÏ¥ ·¥ ±Í¨ÖÌ (�.16)Ä(�.25) ³μ£ÊÉ μ¡· §μ-
¢Ò¢ ÉÓ¸Ö ¸²¥¤ÊÕÐ¨¥ Ô²¥³¥´ÉÒ: 63

29Cu, 65
29Cu, 48

22Ti, 50
22T, 51

23V, 52
24Cr, 53

24Cr, 54
24Cr,
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55
25Mn, 56

26Fe, 57
26Fe, 58

26Fe, 60
26Fe ¨ 62

28Ni Å ¶·¨  ¸¨³³¥É·¨Î´μ³ ¤¥²¥´¨¨ μ²μ¢  ¢
·¥ ±Í¨¨ ¶μ¤¡ ·Ó¥·´μ£μ ¸²¨Ö´¨Ö ¸ ¶·μÉμ´ ³¨.

�´ ²μ£¨Î´μ ³μ¦´μ § ¶¨¸ ÉÓ ·¥ ±Í¨Õ μ¡· §μ¢ ´¨Ö ´ ¨¡μ²¥¥ · ¸¶·μ¸É· -
´¥´´μ£μ ¢ ¶·¨·μ¤¥ ¨§μÉμ¶  56

26Fe (91,72 %) ¶·¨ ¶μ¤¡ ·Ó¥·´μ³ ¸²¨Ö´¨¨ ¶·μÉμ-
´μ¢ ¸ ´ ¨¡μ²¥¥ · ¸¶·μ¸É· ´¥´´Ò³ ¢ ¶·¨·μ¤¥ Ö¤·μ³ 120

50 Sn:

p + 120
50Sn →

{
56
26Fe (91,72 %) + 65

25Mn [Q = +17,461 ŒÔ‚]
β−,92 ³¸; β−, 1,3 c;β−, 1,2 c; β−, 2,5172 Î
−−−−−−−−−−−−−−−−−−−−−−−−−−→

65
29Cu (30,83 %). (�.26)

�·¨¢¥¤¥³ ¤²Ö ¶·¨³¥·  ·¥ ±Í¨Õ ¸ μ¡· §μ¢ ´¨¥³ 64
30Zn (48,6 %):

p+120
50Sn →

{ 64
30Zn (48,6 %) + 57

21Sc [Q = +2,878 ŒÔ‚]

β−, 13,4 ³¸; β−, 60 ³¸; β−, 350 ³¸; β−,21,1 c; β−,85,4 c
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→ → 57

26Fe (2,119 %).
(�.27)

’ ±¨³ μ¡· §μ³, ³μ¦´μ ´ ¶¨¸ ÉÓ ´¥¶·μÉ¨¢μ·¥Î¨¢Ò¥ ·¥ ±Í¨¨ ¸ ÉμÎ±¨ §·¥-
´¨Ö § ±μ´μ¢ ¸μÌ· ´¥´¨Ö É ±¨Ì Ô²¥³¥´Éμ¢, ± ± ¡ ·¨° (Z = 56), ±·¥³´¨°
(Z = 14), ¸¥·  (Z = 16), ± ²ÓÍ¨° (Z = 20), ±μÉμ·Ò¥ ¢¸É·¥Î ÕÉ¸Ö ¢ §´ Î¨É¥²Ó-
´ÒÌ ±μ²¨Î¥¸É¢ Ì ¢ ¸¨´É¥§¨·μ¢ ´´ÒÌ Î ¸É¨Í Ì ¨ ´  ¶μ¢¥·Ì´μ¸ÉÖÌ Í¨²¨´¤· 
¨§ μ²μ¢  ¨ ���‘ (¸³. [32, 33]).

�¡· §μ¢ ´¨¥ 56Ba ³μ¦´μ μ¶¨¸ ÉÓ Î¥·¥§ ·¥ ±Í¨¨ ¶μ¤¡ ·Ó¥·´μ£μ ¸²¨Ö´¨Ö
¨§μÉμ¶μ¢ 50Sn ¸ Ê£²¥·μ¤μ³:

112
50Sn + 12

6C → 124
56Ba + γ [Q = −9,568 ŒÔ‚] → 124

54Xe (0,095 %); (�.28 )
114
50Sn + 12

6C → 126
56Ba + γ [Q = −7,891 ŒÔ‚] → 126

54Xe (0,089 %); (�.28¡)
115
50Sn + 12

6C → 127
56Ba + γ [Q = −7,2191 ŒÔ‚] → 127

53I (100 %); (�.28¢)
116
50Sn + 12

6C → 128
56Ba + γ [Q = −6,0441 ŒÔ‚] → 128

54Xe (1,910 %); (�.28£)
117
50Sn + 12

6C → 129
56Ba + γ [Q = −5,2829 ŒÔ‚] → 129

54Xe (26,40 %); (�.28¤)
118
50Sn + 12

6C → 130
56Ba (0,106 %) + γ [Q = −4,3506 ŒÔ‚]; (�.28¥)

119
50Sn + 12

6C → 130
56Ba (0,106 %) + γ [Q = −4,3506 ŒÔ‚]; (�.28¦)

120
50Sn + 12

6C → 132
56Ba (0,101 %) + γ [Q = −2,6488 ŒÔ‚]; (�.28§)

122
50Sn + 12

6C → 134
56Ba (2,417 %) + γ [Q = −0,978 ŒÔ‚]; (�.28¨)

124
50Sn + 12

6C → 136
56Ba (7,854 %) + γ [Q = +0,854 ŒÔ‚]. (�.28±)

„·Ê£¨¥ ·¥ ±Í¨¨ ¨§μÉμ¶μ¢ μ²μ¢  ¸ Ê£²¥·μ¤μ³ ´¥ ¶·¨¢μ¤ÖÉ ± μ¡· §μ¢ ´¨Õ
¸É ¡¨²Ó´ÒÌ ¨§μÉμ¶μ¢ ¡ ·¨Ö. Š ± ¢¨¤´μ ¨§ ¢Ò· ¦¥´¨° (�.28 )Ä(�.28±), Éμ²Ó±μ
·¥ ±Í¨Ö (�.28±) ¨³¥¥É ¶μ²μ¦¨É¥²Ó´μ¥ §´ Î¥´¨¥ Q, ¢¨¤¨³μ, Éμ²Ó±μ μ´  ¨
¢μ§³μ¦´ . ‘²¥¤μ¢ É¥²Ó´μ, ¨§³¥·¥´¨¥ ³ ¸¸μ¢μ£μ ¨§μÉμ¶´μ£μ ¸μ¤¥·¦ ´¨Ö ¡ ·¨Ö
³μ£²μ ¡Ò ¤ ÉÓ μÉ¢¥É, ± ±¨¥ ·¥ ±Í¨¨ ¨³¥²¨ ³¥¸Éμ ¶·¨ ¥£μ μ¡· §μ¢ ´¨¨. ’ ±¦¥
¶·¨ ÔÉ¨Ì ·¥ ±Í¨ÖÌ μ¡· §ÊÕÉ¸Ö ±¸¥´μ´ (²¥ÉÊÎ¨° £ §) ¨ °μ¤.
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