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Œ¥Éµ¤µ³ ³µ´É¥-± ·²µ¢¸±µ£µ ³µ¤¥²¨·µ¢ ´¨Ö ¨§ÊÎ ¥É¸Ö § ¢¨¸¨³µ¸ÉÓ ¢ÒÌµ¤  ´¥°É·µ´µ¢ ¨ É¥¶²µ-
¢Ò¤¥²¥´¨¥ ¢ ³¨Ï¥´ÖÌ Ô²¥±É·µÖ¤¥·´ÒÌ Ê¸É ´µ¢µ±, µ¡²ÊÎ ¥³ÒÌ ¢Ò¸µ±µÔ´¥·£¥É¨Î¥¸±¨³¨ ¶·µÉµ´ ³¨,
µÉ ³ É¥·¨ ² , · §³¥·µ¢ ¨ ±µ´Ë¨£Ê· Í¨¨ ³¨Ï¥´¨. ‚ ± Î¥¸É¢¥ ¶·¨³¥·  · ¸¸³ É·¨¢ eÉ¸Ö µ¤¨´ ¨§
¢ ·¨ ´Éµ¢ ³¨Ï¥´¨ ¤²Ö ¸µ§¤ ¢ ¥³µ° ¢ „Ê¡´¥ Ê¸É ´µ¢±¨ SAD ´  ¶ÊÎ±¥ 660-ŒÔ‚ ¶·µÉµ´µ¢. ‚ ¶·¥-
¤¥² Ì 5Ä10% ¢ÒÌµ¤ ´¥°É·µ´µ¢ ¢ ¢¨¸³ÊÉµ¢µ°, ¸¢¨´Íµ¢µ° ¨ ¢µ²ÓË· ³µ¢µ° ³¨Ï¥´ÖÌ µ± §Ò¢ ¥É¸Ö
¶· ±É¨Î¥¸±¨ µ¤¨´ ±µ¢Ò³ ¨ ´¥ § ¢¨¸¨É µÉ £²Ê¡¨´Ò µ±´ , Î¥·¥§ ±µÉµ·µ¥ ¢¢µ¤¨É¸Ö ¶ÊÎµ± ¶·µÉµ´µ¢.
‡ ¢¨¸¨³µ¸ÉÓ ¸É ´µ¢¨É¸Ö ¸ÊÐ¥¸É¢¥´´µ° ²¨ÏÓ ¤²Ö µÎ¥´Ó £²Ê¡µ±¨Ì µ±µ´. ‘¢¨´Íµ¢ Ö ¨ ¢¨¸³ÊÉµ¢ Ö
³¨Ï¥´¨ ¸ ¤¨ ³¥É·µ³ 8 ¸³,   ¢µ²ÓË· ³µ¢ Ö ³¨Ï¥´Ó ¸ ¤¨ ³¥É·µ³ 5Ä6 ¸³  ±±Ê³Ê²¨·ÊÕÉ ´  ¤²¨´¥
∆Z � 20 ¸³ ´¥ ³¥´¥¥ 80% É¥¶²µ¢Ò¤¥²¥´¨Ö, µ¡Ê¸²µ¢²¥´´µ£µ ¨µ´¨§ Í¨µ´´Ò³¨ ¶µÉ¥·Ö³¨ Ô´¥·-
£¨¨ ¶·µÉµ´µ¢. �·¨ ÔÉµ³ µ±µ²µ 95% ÔÉ¨Ì ¶µÉ¥·Ó ¶·µ¨¸Ìµ¤¨É ¢ Í¥´É· ²Ó´µ° µ¡² ¸É¨ ¸ · ¤¨Ê¸µ³
R = 1,5 ¸³.

The dependence of the neutron yield and the heat production in targets for ADS on their material,
dimensions and on the depth of the entrance window for a proton beam is investigated. As an example,
one of the variants of a target for created in Dubna proton beam 660 MeV ADS SAD is considered.
Within the limit of 5Ä10% the neutron yield in Bi, Pb and W targets is practically independent of the
material of the target and the depth of the entrance window. The dependence becomes signiˇcant only
for enormous depths. The bismuth and lead targets of the diameter of 8 cm and the tungsten target of
the diameter of 5Ä6 cm accumulate on the length ∆Z � 20 cm about 80% of the heat release due to
ionization losses of the proton beam. Approximately 95% of these losses occur in the central region
with the radius R = 1.5 cm.

‚‚…„…�ˆ…

‚ Ô²¥±É·µÖ¤¥·´ÒÌ Ê¸É ´µ¢± Ì ¶¥·¢¨Î´Ò° ¶ÊÎµ± ¶·µÉµ´µ¢ ¨ µ¡· §ÊÕÐ¨¥¸Ö ¢ Ö¤¥·´ÒÌ
·¥ ±Í¨ÖÌ ¢Éµ·¨Î´Ò¥ § ·Ö¦¥´´Ò¥ Î ¸É¨ÍÒ · ¸É· Î¨¢ ÕÉ ¡µ²ÓÏÊÕ Î ¸ÉÓ ¸¢µ¥° Ô´¥·£¨¨ ¢
¨µ´¨§ Í¨µ´´ÒÌ ¶·µÍ¥¸¸ Ì. „²Ö Éµ£µ ÎÉµ¡Ò ´¥ ¶µ¤¢¥·£ ÉÓ Éµ¶²¨¢´Ò¥ Ô²¥³¥´ÉÒ ¨§²¨Ï-
´¥° É¥¶²µ¢µ° ´ £·Ê§±¥ ¨ µ¡²¥£Î¨ÉÓ É¥¶²µ¸Ñ¥³, ¨¸¶µ²Ó§ÊÕÉ¸Ö ³¨Ï¥´¨ ¨§ ¢¨¸³ÊÉ , ¸¢¨´Í 
¨²¨ ¢µ²ÓË· ³ , ¢´ÊÉ·¨ ±µÉµ·ÒÌ ·¥ ²¨§Ê¥É¸Ö ¢Ò¸µ±µÔ´¥·£¥É¨Î¥¸± Ö Î ¸ÉÓ · §¢¨¢ ÕÐ¥£µ¸Ö
³¥¦ÑÖ¤¥·´µ£µ ± ¸± ¤ . —¨¸²µ Î ¸É¨Í, ·µ¦¤ ÕÐ¨Ì¸Ö ¢ ¸Éµ²±´µ¢¥´¨ÖÌ ¸ Ö¤· ³¨ Bi ¨ Pb
³ ²µ µÉ²¨Î ¥É¸Ö µÉ ³´µ¦¥¸É¢¥´´µ¸É¨ ¢Éµ·¨Î´ÒÌ Î ¸É¨Í ¢ ¸Éµ²±´µ¢¥´¨ÖÌ ¸ ¤¥²ÖÐ¨³¨¸Ö
Ö¤· ³¨ Éµ¶²¨¢´ÒÌ Ô²¥³¥´Éµ¢, ¶µÔÉµ³Ê ³¨Ï¥´Ó, ¥¸²¨ µ´  ´¥ ¸²¨Ï±µ³ ¢¥²¨± , ²¨ÏÓ ´¥-
§´ Î¨É¥²Ó´µ ¸´¨¦ ¥É ±µÔËË¨Í¨¥´É ³Ê²ÓÉ¨¶²¨± Í¨¨ ´¥°É·µ´µ¢ KÔË. �Éµ ¢¥·´µ ¨ ¤²Ö
³¨Ï¥´¨ ¨§ ¢µ²ÓË· ³ . •µÉÖ Ö¤·µ 174W §´ Î¨É¥²Ó´µ ²¥£Î¥ Ö¤¥· Éµ¶²¨¢´ÒÌ Ô²¥³¥´Éµ¢,
¡² £µ¤ ·Ö ¸¢µ¥° ¢Ò¸µ±µ° ¶²µÉ´µ¸É¨ É ± Ö ³¨Ï¥´Ó, ± ± ¡Ê¤¥É ¶µ± § ´µ ´¨¦¥, ¶µ ¢Ò-
Ìµ¤Ê ´¥°É·µ´µ¢ ¨ ·Ö¤Ê ¤·Ê£¨Ì ¶ · ³¥É·µ¢ ¤ ¦¥ ´¥¸±µ²Ó±µ ¶·¥¢µ¸Ìµ¤¨É ¤·Ê£¨¥ ³¨Ï¥´¨.
‚Ò¸µ± Ö ÉµÎ±  ¶² ¢²¥´¨Ö ¢Ò¤¥²Ö¥É ¥¥ ¨ ¶µ Ê¸²µ¢¨Ö³ É¥¶²µ¸Ñ¥³ . �µ¸±µ²Ó±Ê Ô±¸¶¥·¨³¥´-
É ²Ó´ÒÌ ¤ ´´ÒÌ µ ¶µ¢¥¤¥´¨¨ ³¨Ï¥´¥° ¢ ¶ÊÎ± Ì ¢Ò¸µ±µÔ´¥·£¥É¨Î¥¸±¨Ì ¶·µÉµ´µ¢ ¨§¢¥¸É´µ
±· °´¥ ³ ²µ, ¨´Ëµ·³ Í¨Õ, ´¥µ¡Ìµ¤¨³ÊÕ ¤²Ö ¶·µ¥±É ´Éµ¢ Ô²¥±É·µÖ¤¥·´ÒÌ Ê¸É ´µ¢µ±, ¢
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´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ²¨ÏÓ ¶ÊÉ¥³ ³ É¥³ É¨Î¥¸±µ£µ ³µ¤¥²¨·µ¢ ´¨Ö. –¥²Ó
´ Ï¥° ¸É ÉÓ¨ Å ¶·¨¢¥¸É¨ · ¸Î¥É´Ò¥ ¤ ´´Ò¥ µ § ¢¨¸¨³µ¸ÉÖÌ ¢ÒÌµ¤  ´¥°É·µ´µ¢ ¨ É¥¶²µ-
¢Ò¤¥²¥´¨Ö µÉ £¥µ³¥É·¨¨ ¨ Ö¤¥·´µ£µ ¸µ¸É ¢  ³¨Ï¥´¨. ‚ ± Î¥¸É¢¥ ¶·¨³¥·  ³Ò · ¸¸³µÉ·¨³
µ¤¨´ ¨§ ¢ ·¨ ´Éµ¢ ³¨Ï¥´¨ ¤²Ö Ô²¥±É·µÖ¤¥·´µ° Ê¸É ´µ¢±¨ SAD (Subcritical Assembly in
Dubna), ¸µ§¤ ¢ ¥³µ° ´  ¶·µÉµ´´µ³ ¶ÊÎ±¥ ¨³¥ÕÐ¥£µ¸Ö ¢ �¡Ñ¥¤¨´¥´´µ³ ¨´¸É¨ÉÊÉ¥ Ö¤¥·-
´ÒÌ ¨¸¸²¥¤µ¢ ´¨° Ë §oÉ·µ´  ¸ Ô´¥·£¨¥° 660 ŒÔ‚. �Éµ ¸¡µ·±  ¸ ¡² ´±¥Éµ³ ¨§ ¸É¥·¦´¥°
¸ Éµ¶²¨¢µ³ Œ�•, KÔË � 0,94−0,95 ¨ É¥¶²µ¢µ° ³µÐ´µ¸ÉÓÕ ¢ 10Ä30 ±BÉ [1Ä3]. …¸²¨
¨¸±²ÕÎ¨ÉÓ É·¥¡ÊÕÐ¨¥ µ¸µ¡µ£µ · ¸¸³µÉ·¥´¨Ö ±·Ê¶´Ò¥ Ô²¥±É·µÖ¤¥·´Ò¥ ·¥ ±Éµ·Ò ¸ ¡µ²Ó-
Ïµ° ¨´É¥´¸¨¢´µ¸ÉÓÕ ¶·µÉµ´´µ£µ ¶ÊÎ± , Éµ ¶·¨¢¥¤¥´´Ò¥ ´¨¦¥ § ¢¨¸¨³µ¸É¨ ¶·¨³¥´¨³Ò ±
¸ ³Ò³ · §²¨Î´Ò³ É¨¶ ³ Ô²¥±É·µÖ¤¥·´ÒÌ Ê¸É·µ°¸É¢. ‚ Î ¸É´µ¸É¨, µ´¨ ³µ£ÊÉ ¶·µ¢¥·ÖÉÓ¸Ö
´  Ô²¥±É·µÖ¤¥·´µ° Ê¸É ´µ¢±¥ DSAD (Deep Subcritical Assembly in Dubna), ¤¥°¸É¢ÊÕÐ¥°
¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ´  ¶·µÉµ´´µ³ ¶ÊÎ±¥ ´Ê±²µÉ·µ´  �ˆŸˆ ¸ Ô´¥·£¨¥° 1Ä2 ƒÔ‚, ÌµÉÖ
¥¥ ±µÔËË¨Í¨¥´É ´¥°É·µ´´µ° ³Ê²ÓÉ¨¶²¨± Í¨¨ KÔË � 1 ¨ É·¥¡Ê¥É¸Ö ¢Ò¸µ± Ö ÉµÎ´µ¸ÉÓ
¨§³¥·¥´¨° [4Ä7].

1. Œ…’�„ ��‘—…’�

„²Ö ³µ¤¥²¨·µ¢ ´¨Ö ¨µ´¨§ Í¨µ´´ÒÌ ¨ Ö¤¥·´ÒÌ ¶·µÍ¥¸¸µ¢ ¢ ¢¥Ð¥¸É¢¥ ³¨Ï¥´¨ ³Ò ¢µ¸-
¶µ²Ó§µ¢ ²¨¸Ó ³µ´É¥-± ·²µ¢¸±¨³ ¶·µ£· ³³´Ò³ ±µ³¶²¥±¸µ³ Š�‘Š�„ [8]. �·µ¡¥£ Î ¸É¨Í
L ³¥¦¤Ê ¤¢Ê³Ö Ö¤¥·´Ò³¨ ¢§ ¨³µ¤¥°¸É¢¨Ö³¨ ¢ÒÎ¨¸²Ö¥É¸Ö ¶ÊÉ¥³ Î¨¸²¥´´µ£µ ·¥Ï¥´¨Ö ¨´-
É¥£· ²Ó´µ£µ Ê· ¢´¥´¨Ö ∫ L

0

dl/λ(E(r)) = ln ξ,

£¤¥ λ = 1/Σiσi(E(r))ρi(r) Å ¸·¥¤´¨° ¸¢µ¡µ¤´Ò° ¶·µ¡¥£ Î ¸É¨ÍÒ ¢ ÉµÎ±¥ r; σi Å
¶µ²´µ¥ ¸¥Î¥´¨¥ ¢§ ¨³µ¤¥°¸É¢¨Ö Î ¸É¨ÍÒ ¸ Ö¤·µ³ ¢ ÔÉµ° ÉµÎ±¥; ρi Å ¶²µÉ´µ¸ÉÓ Ö¤¥·;
ξ Å · ¢´µ³¥·´µ · ¸¶·¥¤¥²¥´´µ¥ ¸²ÊÎ °´µ¥ Î¨¸²µ. �·¨ ¢ÒÎ¨¸²¥´¨ÖÌ ÊÎ¨ÉÒ¢ ²µ¸Ó Ê³¥´Ó-
Ï¥´¨¥ Ô´¥·£¨¨ Î ¸É¨ÍÒ ³¥¦¤Ê ¤¢Ê³Ö ¶µ¸²¥¤µ¢ É¥²Ó´Ò³¨ Ö¤¥·´Ò³¨ ¢§ ¨³µ¤¥°¸É¢¨Ö³¨
¢¸²¥¤¸É¢¨¥ ¨µ´¨§ Í¨µ´´ÒÌ ¶·µÍ¥¸¸µ¢. ˆµ´¨§ Í¨µ´´Ò¥ ¶µÉ¥·¨ · ¸¸Î¨ÉÒ¢ ²¨¸Ó ³¥Éµ¤µ³
˜É¥·´Ì °³¥·  [9]. �·¨ ÔÉµ³ ¶·¥¤¶µ² £ ²µ¸Ó, ÎÉµ ± ¸± ¤´ Ö Î ¸É¨Í  µ¸É ´ ¢²¨¢ ¥É¸Ö
¢ ÉµÎ±¥, £¤¥ ¥¥ Ô´¥·£¨Ö E � E£·. ƒ· ´¨Î´ Ö Ô´¥·£¨Ö E£· = 2 ŒÔ‚ ¤²Ö π+-³¥§µ´µ¢,
10 ŒÔ‚ ¤²Ö ¶·µÉµ´µ¢ ¨ ¤¥°É·µ´µ¢, 30 ŒÔ‚ ¤²Ö ¨µ´µ¢ É·¨É¨Ö ¨ 100 ŒÔ‚ ¤²Ö ¡µ²¥¥
ÉÖ¦¥²ÒÌ Ö¤¥·. ‡ ³¥¤²¨¢Ï¨¥¸Ö π−-³¥§µ´Ò, ± ± ¶· ¢¨²µ, § Ì¢ ÉÒ¢ ÕÉ¸Ö Ö¤· ³¨, ¶µ·µ-
¦¤ Ö ¢´ÊÉ·¨Ö¤¥·´Ò¥ ± ¸± ¤Ò. “Î¥É ±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¨ Ö¤¥·, ¶µ²ÊÎ¨¢Ï¨Ì ¨³¶Ê²Ó¸ ¢
Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ, ¢ Î ¸É´µ¸É¨, µ¸±µ²±µ¢ ¢Ò¸µ±µÔ´¥·£¥É¨Î¥¸±µ£µ ¤¥²¥´¨Ö, ¸ÊÐ¥¸É¢¥´´µ
¸± §Ò¢ ¥É¸Ö ´  · ¸¶·¥¤¥²¥´¨¨ É¥¶²µ¢Ò¤¥²¥´¨Ö ¢ ³¨Ï¥´¨.

‘¥Î¥´¨Ö ¢§ ¨³µ¤¥°¸É¢¨° ¶·µÉµ´µ¢ ¨ ³¥§µ´µ¢ µ¶·¥¤¥²Ö²¨¸Ó ¶ÊÉ¥³ ¨´É¥·¶µ²ÖÍ¨¨ ¨§-
¢¥¸É´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ [10, 11]. ’ ±¨³ ¦¥ µ¡· §µ³ ¢ÒÎ¨¸²Ö²¨¸Ó ¸¥Î¥´¨Ö
´¥°É·µ´-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¢ µ¡² ¸É¨ Ô´¥·£¨° E > 10,5 ŒÔ‚. ’· ´¸¶µ·É ´¥°É·µ-
´µ¢ ¶·¨ ³¥´ÓÏ¨Ì Ô´¥·£¨ÖÌ ³µ¤¥²¨·µ¢ ²¸Ö ¸ ¶µ³µÐÓÕ 26-£·Ê¶¶µ¢µ° ¸¨¸É¥³Ò ·¥ ±Éµ·´ÒÌ
±µ´¸É ´É [12].

�·¨ ¢ÒÎ¨¸²¥´¨ÖÌ ÊÎ¨ÉÒ¢ ² ¸Ó ¶·µ¸É· ´¸É¢¥´´ Ö ¤¨¸¶¥·¸¨Ö ¶·µÉµ´´µ£µ ¶ÊÎ± . �·¥¤-
¶µ² £ ²µ¸Ó, ÎÉµ ¨´É¥´¸¨¢´µ¸ÉÓ ¶ÊÎ±  ¨³¥¥É £ Ê¸¸µ¢¸±µ¥ · ¸¶·¥¤¥²¥´¨¥ µÉ´µ¸¨É¥²Ó´µ µ¸¥-
¢µ° ²¨´¨¨ ¨ ´  ±· ÖÌ ¢Ìµ¤´µ£µ µ±´  (·¨¸. 1) ¸µ¸É ¢²Ö¥É 10 % µÉ ³ ±¸¨³ ²Ó´µ°. ’ ±µ¥
· ¸¶·¥¤¥²¥´¨¥ ¨³¥¥É ¶·µÉµ´´Ò° ¶ÊÎµ± 660-ŒÔ‚ Ë §µÉ·µ´  �ˆŸˆ. �¥±µÉµ·µ¥ · §²¨Î¨¥
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¨´É¥´¸¨¢´µ¸É¥° ¶µ µ¸Ö³ X ¨ Y ¢ ¶²µ¸±µ¸É¨, ¶¥·¶¥´¤¨±Ê²Ö·´µ° ´ ¶· ¢²¥´¨Õ ¶·µÉµ´´µ£µ
¶ÊÎ± , ± ± ¶µ± § ²¨ µÍ¥´±¨, ´¥¸ÊÐ¥¸É¢¥´´µ. ‚µ ¢¸¥Ì ¢ ·¨ ´É Ì · ¸Î¥É  ¤²¨´  ³¨Ï¥´¨
L = 50 ¸³ ¨ · ¤¨Ê¸ ¢Ìµ¤´µ£µ µ±´  R = 3 ¸³ µ¸É ¢ ²¨¸Ó ´¥¨§³¥´´Ò³¨, £²Ê¡¨´  ¢Ìµ¤´µ£µ
µ±´  Z0 ¢ ·Ó¨·µ¢ ² ¸Ó.

“£²µ¢Ò¥ ¨ Ô´¥·£¥É¨Î¥¸±¨¥ · ¸¶·¥¤¥²¥´¨Ö Î ¸É¨Í ¢ Ê¶·Ê£¨Ì Ö¤¥·´ÒÌ ¸Éµ²±´µ¢¥´¨ÖÌ
· §Ò£·Ò¢ ²¨¸Ó ´  µ¸´µ¢¥  ´ ²¨É¨Î¥¸±¨Ì ¢Ò· ¦¥´¨° ¸ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨³¨ ±µÔËË¨-

�¨¸. 1. ‘Ì¥³  ¤¢¨¦¥´¨Ö ¶·µÉµ´´µ£µ ¶ÊÎ± 

¢¤µ²Ó µ¸¨ Z, µ¡²ÊÎ ÕÐ¥£µ Í¨²¨´¤·¨Î¥¸±ÊÕ
³¨Ï¥´Ó Î¥·¥§ ¢Ìµ¤´µ¥ µ±´µ ¸ £²Ê¡¨´µ° Z0

Í¨¥´É ³¨ [13]. Œµ¤¥²¨·µ¢ ´¨¥ ¢Ò¸µ±µÔ´¥·£¥-
É¨Î¥¸±¨Ì ´¥Ê¶·Ê£¨Ì ¢§ ¨³µ¤¥°¸É¢¨° Î ¸É¨Í ¸
Ö¤· ³¨ ¢Ò¶µ²´Ö²µ¸Ó ¸ ¶µ³µÐÓÕ ³µ¤¥²¨ ¢´Ê-
É·¨Ö¤¥·´µ£µ ± ¸± ¤  ¸ ¶µ¸²¥¤ÊÕÐ¨³ · ¸¶ ¤µ³
¸¨²Ó´µ ¢µ§¡Ê¦¤¥´´µ£µ µ¸É ÉµÎ´µ£µ Ö¤·  ¨ ÊÎ¥-
Éµ³ ±µ´±Ê·¥´Í¨¨ ¶·µÍ¥¸¸µ¢ ¨¸¶ ·¥´¨Ö ¨ ¤¥²¥-
´¨Ö. �¥Ê¶·Ê£¨¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶·¨ Ô´¥·£¨ÖÌ
E < 50 ŒÔ‚ ³µ¤¥²¨·µ¢ ²¨¸Ó ¢ ¶·¥¤¶µ²µ¦¥´¨¨
§ Ì¢ É  ± ¸± ¤´µ° Î ¸É¨ÍÒ Ö¤·µ³-³¨Ï¥´ÓÕ ¨
¥£µ ¶µ¸²¥¤ÊÕÐ¥£µ · ¸¶ ¤  ¶ÊÉ¥³ ¸µ§¤ ´¨Ö ±µ´-
±Ê·¥´Í¨¨ ¨¸¶ ·¥´¨Ö ¨ ¤¥²¥´¨Ö. “Î¨ÉÒ¢ ²µ¸Ó
¨¸¶ ·¥´¨¥ Î ¸É¨Í ¨§ µ¡· §ÊÕÐ¨Ì¸Ö ¶·¨ ÔÉµ³
¢µ§¡Ê¦¤¥´´ÒÌ µ¸±µ²±µ¢ ¤¥²¥´¨Ö [8, 12]. Šµ£¤ 

Ô´¥·£¨Ö ¢µ§¡Ê¦¤¥´¨Ö ¸É ´µ¢¨É¸Ö ´¥¤µ¸É ÉµÎ´µ° ¤²Ö ¨¸¶ ·¥´¨Ö Î ¸É¨Í, ¶¥·¥Ìµ¤ Ö¤·  ¢
µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ · ¸¸Î¨ÉÒ¢¥É¸Ö ¸ ÊÎ¥Éµ³ Ô³¨¸¸¨¨ γ-±¢ ´Éµ¢.

Š ± ¶µ± §Ò¢ ¥É ¸· ¢´¥´¨¥ ¸ Ô±¸¶¥·¨³¥´Éµ³ ¨ · ¸Î¥É ³¨ ´  µ¸´µ¢¥ ¤·Ê£¨Ì ¨§¢¥¸É´ÒÌ
¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¶·µ£· ³³, ÉµÎ´µ¸ÉÓ · ¸Î¥É  ¢ÒÌµ¤  ´¥°É· ²Ó´ÒÌ ¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í
¸µ¸É ¢²Ö¥É ¶·¨³¥·´µ 5Ä7%. ’µÎ´µ¸ÉÓ · ¸Î¥É  ¸¶¥±É·µ¢ ¨ Ô´¥·£µ¢Ò¤¥²¥´¨Ö ¢¤¢µ¥ ÌÊ¦¥.

‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¶µ£·¥Ï´µ¸É¨ · ¸Î¥É  µ¶·¥¤¥²ÖÕÉ¸Ö £² ¢´Ò³ µ¡· §µ³ ´¥¤µ¸É É-
± ³¨ ¨¸¶µ²Ó§Ê¥³ÒÌ Ë¨§¨Î¥¸±¨Ì ³µ¤¥²¥°, ¸É É¨¸É¨Î¥¸±¨¥ ¶µ£·¥Ï´µ¸É¨ ³µ´É¥-± ·²µ¢¸±¨Ì
· ¸Î¥Éµ¢ ¢ ´¥¸±µ²Ó±µ · § ³¥´ÓÏ¥.

‚¸¥ ¶·¨¢¥¤¥´´Ò¥ ´¨¦¥ ¤ ´´Ò¥ µÉ´µ¸ÖÉ¸Ö ± Ô´¥·£¨¨ ¶·µÉµ´´µ£µ ¶ÊÎ±  E = 660 ŒÔ‚.
„²Ö · ¸Î¥É  ¨´É¥£· ²Ó´ÒÌ ¢¥²¨Î¨´ · §Ò£·Ò¢ ²µ¸Ó 104,   ¤²Ö · ¸¶·¥¤¥²¥´¨° 105 ± ¸± ¤µ¢.

2. ‚›•�„ �…‰’����‚

‚ É ¡². 1 ¶·¥¤¸É ¢²¥´  ³´µ¦¥¸É¢¥´´µ¸ÉÓ Î ¸É¨Í, ·µ¦¤ ÕÐ¨Ì¸Ö ¶·¨ ´¥Ê¶·Ê£µ³ ¸Éµ²±-
´µ¢¥´¨¨ 660-ŒÔB ¶·µÉµ´  ¸ Ö¤· ³¨ ¸¢¨´Í  ¨ ¢µ²ÓË· ³ . Œ´µ¦¥¸É¢¥´´µ¸ÉÓ Î ¸É¨Í,
·µ¦¤ ÕÐ¨Ì¸Ö ¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨ ¸ ¢¨¸³ÊÉµ³, ¶· ±É¨Î¥¸±¨ ¸µ¢¶ ¤ ¥É ¸ ¤ ´´Ò³¨ ¤²Ö
¸¢¨´Í . � §²¨Î¨¥ ¤ ´´ÒÌ ¤²Ö ¸¢¨´Í  ¨ ¢µ²ÓË· ³  É ±¦¥ ´¥§´ Î¨É¥²Ó´µ. �µ²ÓÏÊÕ Î ¸ÉÓ
·µ¦¤ ÕÐ¨Ì¸Ö Î ¸É¨Í ¸µ¸É ¢²ÖÕÉ ´¥°É·µ´Ò, µ¡· §ÊÕÐ¨¥¸Ö ¶·¨ · ¸¶ ¤¥ ¶µ¸²¥± ¸± ¤´µ£µ
Ö¤· . —¨¸²µ ³¥§µ´µ¢ ¶·¨ E < 1 ƒÔ‚ ´¥§´ Î¨É¥²Ó´µ, µ¤´ ±µ π0-³¥§µ´Ò, ¤µ²Ö ±µÉµ·ÒÌ ¸µ-
¸É ¢²Ö¥É ¶·¨³¥·´µ É·¥ÉÓ, ¡Ò¸É·µ · ¸¶ ¤ ÕÉ¸Ö ´  ¤¢  γ-±¢ ´É  ¸ Ô´¥·£¨Ö³¨ Eγ > 70 ŒÔ‚,
ÎÉµ ¤µ²¦´µ ÊÎ¨ÉÒ¢ ÉÓ¸Ö ¶·¨ ¸µ§¤ ´¨¨ · ¤¨ Í¨µ´´µ° § Ð¨ÉÒ. ‚±² ¤ ¤¥°É·µ´µ¢ ¨ ¡µ²¥¥
ÉÖ¦¥²ÒÌ Ö¤¥·´ÒÌ Ë· £³¥´Éµ¢, ·µ¦¤ ÕÐ¨Ì¸Ö ¢ ¶·µÍ¥¸¸¥ ¨¸¶ ·¥´¨Ö ¸¨²Ó´µ ¢µ§¡Ê¦¤¥´´µ£µ
Ö¤· , ³ ² ¶·¨ ¢¸¥Ì Ô´¥·£¨ÖÌ.

‘·¥¤´¨¥ Î¨¸²  ¢Ò²¥É ÕÐ¨Ì ¨§ ³¨Ï¥´¥° ´¥°É·µ´µ¢ ¶·¨ · §²¨Î´ÒÌ £²Ê¡¨´ Ì ¢Ìµ¤´µ£µ
µ±´  ¶µ± § ´Ò ¢ É ¡². 2. �·¨¢¥¤¥´´Ò¥ ¤ ´´Ò¥ µÉ´µ¸ÖÉ¸Ö ± ³¨Ï¥´¨ ¸ · ¤¨Ê¸µ³ R = 4 ¸³,
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’ ¡²¨Í  1. —¨¸²µ Î ¸É¨Í, ·µ¦¤ ÕÐ¨Ì¸Ö ¢ ´¥Ê¶·Ê£¨Ì ¢§ ¨³µ¤¥°¸É¢ÖÌ p+Pb ¨ p+W (¢ ¸±µ¡± Ì)

π±-³¥§µ´Ò 0,17(0,16) „¥°É·µ´Ò 0,37(0,36)
π0-³¥§µ´Ò 0,08(0,07) ’·¨Éµ´Ò 0,15(0,12)
�¥°É·µ´Ò 12(11) Ÿ¤·  4He 0,8(0,5)
�·µÉµ´Ò 2,6(2,5) Ÿ¤·  3He 0,03(0,02)

¢ ¸±µ¡± Ì Ê± § ´Ò ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¤ ´´Ò¥ ¤²Ö ³¨Ï¥´¨ ¸ · ¤¨Ê¸µ³ R = 8 ¸³. ‚ ±¢ -
¤· É´ÒÌ ¸±µ¡± Ì Ê± § ´  ¶²µÉ´µ¸ÉÓ ³¨Ï¥´¨ (£/¸³3). •µÉÖ ¶·¨ ¸Éµ²±´µ¢¥´¨¨ ´Ê±²µ´ 
¸ Ö¤·µ³ ¢µ²ÓË· ³  ·µ¦¤ ¥É¸Ö ³¥´ÓÏ¥ ´¥°É·µ´µ¢, Î¥³ ¢ ¸Éµ²±´µ¢¥´¨ÖÌ N + Bi ¨ N +
Pb, ¢ ³¨Ï¥´¨ ¸¨ÉÊ Í¨Ö ¨´ Ö Å ¨§ É ¡². 2 ¢¨¤´µ, ÎÉµ ¢ µÉ´µÏ¥´¨¨ ¢ÒÌµ¤  ´¥°É·µ´µ¢
¢µ²ÓË· ³µ¢ Ö ³¨Ï¥´Ó ¨³¥¥É ¶·¥¨³ÊÐ¥¸É¢µ. �Éµ ¸µ£² ¸Ê¥É¸Ö ¸ ·¥§Ê²ÓÉ É ³¨ Ô±¸¶¥·¨³¥´-
Éµ¢ [14, 15].

’ ¡²¨Í  2. ‚ÒÌµ¤ ´¥°É·µ´µ¢ (¢ · ¸Î¥É¥ ´  µ¤¨´ ¶¥·¢¨Î´Ò° ¶·µÉµ´) ¢ ¢¨¸³ÊÉµ¢µ°, ¸¢¨´Íµ¢µ° ¨
¢µ²ÓË· ³µ¢µ° ³¨Ï¥´ÖÌ

Z0, ¸³ 0 10 20 30 40

Bi[9,75] 8,8(10,0) 8,7(9,9) 8,4(9,5) 7,0(7,7) 4,3(4,8)
Pb[11,3] 9,2(10,7) 9,1(10,6) 9,0(10,0) 8,1(8,8) 5,4(5,7)
W[18,9] 9,5(11,2) 9,5(11,2) 9,4(11,0) 9,1(10,7) 7,4(8,3)

�µ¸±µ²Ó±Ê ¤²¨´  ³¨Ï¥´¨ §´ Î¨É¥²Ó´µ ¡µ²ÓÏ¥ ¨µ´¨§ Í¨µ´´µ£µ ¨ Ö¤¥·´µ£µ ¶·µ¡¥£µ¢,
¢ÒÌµ¤ ´¥°É·µ´µ¢ µ¸É ¥É¸Ö ¶· ±É¨Î¥¸±¨ ´¥¨§³¥´´Ò³ ¢¶²µÉÓ ¤µ Z0 � 20−25 ¸³, ¶µ¸²¥
Î¥£µ ¶µ¸É¥¶¥´´µ ¢µ§· ¸É ¥É Î¨¸²µ ¸²ÊÎ ¥¢, ±µ£¤  ¶·µÉµ´ ¶µ±¨¤ ¥É ³¨Ï¥´Ó, ´¥ ¨¸¶ÒÉ ¢
´¨ µ¤´µ£µ ´¥Ê¶·Ê£µ£µ Ö¤¥·´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö, ¨ ¸·¥¤´¨° ¢ÒÌµ¤ ´¥°É·µ´µ¢ ¢ · ¸Î¥É¥ ´ 
µ¤¨´ ¶¥·¢¨Î´Ò° ¶·µÉµ´ ¸´¨¦ ¥É¸Ö. �Éµ µ¸µ¡¥´´µ § ³¥É´µ ¤²Ö ¢¨¸³ÊÉµ¢µ° ³¨Ï¥´¨, ¶²µÉ-
´µ¸ÉÓ ±µÉµ·µ° ³¥´ÓÏ¥, Î¥³ Ê ¸¢¨Íµ¢µ°, ¨ ¢¤¢µ¥ ³¥´ÓÏ¥, Î¥³ Ê ¢µ²ÓË· ³µ¢µ°. ‘²¥¤Ê¥É,
µ¤´ ±µ, ¨³¥ÉÓ ¢ ¢¨¤Ê, ÎÉµ ¶·¨ ´ ²¨Î¨¨ ¤¥²ÖÐ¥£µ¸Ö ¡² ´±¥É  § ¢¨¸¨³µ¸ÉÓ µÉ Z0 ¸É ´¥É
¡µ²¥¥ ¸ÊÐ¥¸É¢¥´´µ°, Éa± ± ± £²Ê¡¨´  µ±´  µ¶·¥¤¥²Ö¥É µ¡Ñ¥³ Éµ¶²¨¢  ¸ ´ ¨¡µ²ÓÏ¨³ Î¨-

�¨¸. 2. ‚ÒÌµ¤ ´¥°É·µ´µ¢ N (¢ · ¸Î¥É¥ ´  µ¤¨´ ¡µ³¡ ·¤¨·ÊÕÐ¨° ¶·µÉµ´) ¨ ¨Ì ¸·¥¤´ÖÖ Ô´¥·£¨Ö
E ´  · §²¨Î´ÒÌ · ¸¸ÉµÖ´¨ÖÌ Z µÉ ÉµÎ±¨ ¢Ìµ¤  ¶·µÉµ´´µ£µ ¶ÊÎ±  Z0 = 1 ¸³ ¢ ¢¨¸³ÊÉµ¢µ° (1) ¨

¢µ²ÓË· ³µ¢µ° (2) ³¨Ï¥´ÖÌ ¸ · ¤¨Ê¸µ³ R = 8 ¸³
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¸²µ³ ¤¥²¥´¨°. ‚ ·Ó¨·µ¢ ´¨¥ £²Ê¡¨´Ò ¢Ìµ¤´µ£µ µ±´  ¶ÊÉ¥³ ¸³¥Ð¥´¨Ö ³¨Ï¥´¨ ¢´ÊÉ·¨
Ô²¥±É·µÖ¤¥·´µ° Ê¸É ´µ¢±¨ ¢¤µ²Ó µ¸¨ Z ³µ¦¥É ¨¸¶µ²Ó§µ¢ ÉÓ¸Ö ¤²Ö ¨§³¥´¥´¨Ö ¶ · ³¥É·µ¢
Ê¸É ´µ¢±¨.

’ ¡²¨Í  3. �É´µÏ¥´¨¥ ¢ÒÌµ¤µ¢ ´¥°É·µ´µ¢ N(R1)/N(R2) ¢ ¸¢¨´Íµ¢ÒÌ ³¨Ï¥´ÖÌ c R1 = 10,2 ¨
R2 = 5,1 ¸³

R, ŒÔ‚ �±¸¶¥·¨³¥´É ’¥µ·¨Ö

470 1,21 1,04
660 Å 1,15∗

720 1,19 1,10
∗R1 = 8 ¸³, R2 = 4 ¸³.

ˆ§ ·¨¸. 2, £¤¥ ¶µ± § ´Ò · ¸¶·¥¤¥²¥´¨Ö Î¨¸²  ¨ ¸·¥¤´¥° Ô´¥·£¨¨ ´¥°É·µ´µ¢, ¢Ò²¥É Õ-
Ð¨Ì ¸ ¶µ¢¥·Ì´µ¸É¨ ³¨Ï¥´¨ ¢ · §´ÒÌ ÉµÎ± Ì ¢¤µ²Ó µ¸¨ Z, ¢¨¤´µ, ÎÉµ ¢ÒÌµ¤ ´¥°É·µ´µ¢
³ ±¸¨³ ²¥´ ¶·¨ Z � 4−9 ¸³ ¨ ¡Ò¸É·µ ¸¶ ¤ ¥É, µ¸µ¡¥´´µ ¢ ¢µ²ÓË· ³µ¢µ° ³¨Ï¥´¨,
¶·¨ ¡µ²ÓÏ¨Ì §´ Î¥´¨ÖÌ Z. �´ ²µ£¨Î´Ò³ µ¡· §µ³ · ¸¶·¥¤¥²¥´  Ô´¥·£¨Ö ´¥°É·µ´µ¢. �·¨
¡µ²ÓÏ¨Ì Z ¢Ò²¥É ÕÉ Ê¦¥ §´ Î¨É¥²Ó´µ § ³¥¤²¨¢Ï¨¥¸Ö Î ¸É¨ÍÒ. ‘¶¥±É·Ò ¢Ò²¥É ÕÐ¨Ì
´¥°É·µ´µ¢ ¨³¥ÕÉ Ï¨·µ±¨° ³ ±¸¨³Ê³ ¢µ±·Ê£ Ê± § ´´ÒÌ ´  ·¨¸. 2 ¸·¥¤´¨Ì Ô´¥·£¨°.

ˆ§ É ¡². 2 ¨ 3 ¢¨¤´µ, ÎÉµ Ê¤¢µ¥´¨¥ ¤¨ ³¥É·  ³¨Ï¥´¨ Ê¢¥²¨Î¨¢ ¥É ¢ÒÌµ¤ ´¥°É·µ´µ¢
¢¥¸Ó³  ´¥§´ Î¨É¥²Ó´µ.

3. ’…�‹�‚›„…‹…�ˆ… ‚ Œˆ˜…�ˆ

’ ¡². 4 ¶µ± §Ò¢ ¥É, ´  ÎÉµ · ¸Ìµ¤Ê¥É¸Ö ¢ ³¨Ï¥´¨ Ô´¥·£¨Ö ¶·µÉµ´´µ£µ ¶ÊÎ± . �¸´µ¢´ Ö
Î ¸ÉÓ Ô´¥·£¨¨ ¶¥·¥Ìµ¤¨É ¢ É¥¶²µ ¢¸²¥¤¸É¢¨¥ ¨µ´¨§ Í¨µ´´ÒÌ ¶µÉ¥·Ó § ·Ö¦¥´´ÒÌ ± ¸± ¤-
´ÒÌ Î ¸É¨Í ¨ µ¸É ÉµÎ´ÒÌ Ö¤¥·. �´¥·£µ¢Ò¤¥²¥´¨¥ ¢ ¶·µÍ¥¸¸ Ì ¢Ò¸µ±µÔ´¥·£¥É¨Î¥¸±µ£µ
¤¥²¥´¨Ö1 ¸µ¸É ¢²Ö¥É ¢¸¥£µ ²¨ÏÓ ´¥¸±µ²Ó±µ ¶·µÍ¥´Éµ¢. ‡ ³¥É´ÊÕ Î ¸ÉÓ Ô´¥·£¨¨ Ê´µ¸ÖÉ
γ-²ÊÎ¨. �´¨ ·µ¦¤ ÕÉ¸Ö, £² ¢´Ò³ µ¡· §µ³, ¶·¨ ¶¥·¥Ìµ¤¥ ¢µ§¡Ê¦¤¥´´ÒÌ Ö¤¥· ¢ ¨Ì µ¸´µ¢-
´Ò¥ ¸µ¸ÉµÖ´¨Ö ¨ ¢ ·¥§Ê²ÓÉ É¥ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì (n, γ)-·¥ ±Í¨° ¨ ¨³¥ÕÉ Ô´¥·£¨Õ ¢ ´¥-
¸±µ²Ó±µ ŒÔ‚. ‚³¥¸É¥ ¸ É¥³ ¨³¥¥É¸Ö ´¥¡µ²ÓÏ Ö ¶·¨³¥¸Ó γ-±¢ ´Éµ¢ µÉ · ¸¶ ¤  π0-³¥§µ´µ¢
¸ Ô´¥·£¨Ö³¨ E > 70 ŒÔ‚, ±µÉµ·Ò¥, ± ± Ê¦¥ µÉ³¥Î ²µ¸Ó ¢ÒÏ¥, ¤µ²¦´Ò ÊÎ¨ÉÒ¢ ÉÓ¸Ö ¶·¨
¸µ§¤ ´¨¨ · ¤¨ Í¨µ´´µ° § Ð¨ÉÒ2.

�·¨ Z0 � 20 ¸³ 70Ä80% Ô´¥·£¨¨ ¶¥·¢¨Î´µ£µ ¶ÊÎ±  µ¸É ¥É¸Ö ¢ ¢¨¤¥ É¥¶²  ¢´ÊÉ·¨
³¨Ï¥´¨ (É ¡². 5). �µ²ÓÏÊÕ Î ¸ÉÓ µ¸É ²Ó´µ° Ô´¥·£¨¨ Ê´µ¸ÖÉ ¨§ ³¨Ï¥´¨ ´¥°É·µ´Ò. „µ²Ö
Ô´¥·£¨¨, Ê´µ¸¨³ Ö ¶·µÉµ´ ³¨, ¸µ¸É ¢²Ö¥É ¶·µÍ¥´ÉÒ. ‚ Ô²¥±É·µÖ¤¥·´ÒÌ Ê¸É ´µ¢± Ì ¸
¡² ´±¥Éµ³ ÔÉ  Ô´¥·£¨Ö ¶µ°¤¥É ´  ´ £·¥¢ ´¨¥ ¸µ¸¥¤´¨Ì ¸ ³¨Ï¥´ÓÕ ¸²µ¥¢ ¡² ´±¥É . �¤-
´ ±µ ¶·¨ Zp � 20 ¸³ (¢ ¢µ²ÓË· ³µ¢µ° ³¨Ï¥´¨ ¨ ¶·¨ ¡µ²ÓÏ¨Ì Z0) ÔÉµ ´ £·¥¢ ´¨¥

1‚Ò¸µ±µÔ´¥·£¥É¨Î¥¸±¨³ ³Ò ´ §Ò¢ ¥³ ¤¥²¥´¨¥ ¶µ¤ ¤¥°¸É¢¨¥³ Î ¸É¨Í ¸ Ô´¥·£¨¥° E > 10,5 ŒÔ‚, · ¸¸Î¨ÉÒ¢ -
¥³µ¥ ¸ ¶µ³µÐÓÕ É¥µ·¥É¨Î¥¸±¨Ì ³µ¤¥²¥°. „¥²¥´¨¥ ¶·¨ ³¥´ÓÏ¨Ì Ô´¥·£¨ÖÌ ³µ¤¥²¨·Ê¥É¸Ö ´  µ¸´µ¢¥ 26-£·Ê¶¶µ¢µ°
¸¨¸É¥³Ò ·¥ ±Éµ·´ÒÌ ±µ´¸É ´É.

2�·¨ · ¸¸³ É·¨¢ ¥³µ° ´ ³¨ Ô´¥·£¨¨ E = 660 ŒÔ‚ π0-³¥§µ´ ¢ ¸·¥¤´¥³ ·µ¦¤ ¥É¸Ö Éµ²Ó±µ µ¤´¨³ ¨§ ¶ ·Ò
¤¥¸ÖÉ±µ¢ ¡µ³¡ ·¤¨·ÊÕÐ¨Ì ¶·µÉµ´µ¢, ¶µ¸±µ²Ó±Ê µÉ´¥¸¥´´ Ö ´  µ¤¨´ ¶·µÉµ´ Ô´¥·£¨Ö ¢ ¶µ¸²¥¤´¥° ¸É·µ±¥ É ¡². 4
¸µ¸É ¢²Ö¥É ¢¸¥£µ ²¨ÏÓ 7 ŒÔ‚.
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´¥¢¥²¨±µ ¨ ¨¸¶µ²Ó§µ¢ ´¨¥ ³¨Ï¥´¥° ¸ · ¤¨Ê¸µ³ ¡µ²ÓÏ¨³ 4 ¸³ ¥¤¢  ²¨ µ¶· ¢¤ ´µ. ‚
¸²ÊÎ ¥ ¢µ²ÓË· ³µ¢µ° ³¨Ï¥´¨ ¢¶µ²´¥ ¤µ¸É ÉµÎ¥´ · ¤¨Ê¸ ¢ 2,5Ä3 ¸³.

’ ¡²¨Í  4. �´¥·£µ¢Ò¤¥²¥´¨¥ (ŒÔ‚ ¢ · ¸Î¥É¥ ´  µ¤¨´ ¶¥·¢¨Î´Ò° ¶·µÉµ´) ¢ ¢¨¸³ÊÉµ¢µ°, ¸¢¨´-
Íµ¢µ° ¨ ¢µ²ÓË· ³µ¢µ° ³¨Ï¥´ÖÌ ¸ · ¤¨Ê¸ ³¨ R = 4 ¨ 8 ¸³ (¢ ¸±µ¡± Ì). ƒ²Ê¡¨´  ¢Ìµ¤´µ£µ µ±´ 
Z0 = 0 ¸³, Ô´¥·£¨Ö ¡µ³¡ ·¤¨·ÊÕÐ¨Ì ¶·µÉµ´µ¢ E = 660 ŒÔ‚

Š ´ ²/³¨Ï¥´Ó Bi Pb W

‚Ò¸µ±µÔ´¥·£¥É¨Î¥¸±µ¥ ¤¥²¥´¨¥ 3(3) 2(2) 0,2(0,2)
ˆµ´¨§ Í¨µ´´Ò¥ ¶µÉ¥·¨ ± ¸± ¤´ÒÌ Î ¸É¨Í 374(394) 378(396) 397(405)
ˆµ´¨§ Í¨µ´´Ò¥ ¶µÉ¥·¨ Ö¤¥· ¢ Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ

¶·¨ E > 10,5 ŒÔ‚ 168(124) 178(127) 121(137)
¶·¨ E � 10,5 ŒÔ‚ 3(4) 4(7) 8(14)

�´¥·£¨Ö µ¸É ´µ¢¨¢Ï¨Ì¸Ö Î ¸É¨Í ¨ Ö¤¥· 18(19) 17(18) 22(23)
�´¥·£¨Ö ¢Ò²¥É¥¢Ï¨Ì ´¥°É·µ´µ¢ 121(98) 118(94) 93(62)
�´¥·£¨Ö ¢Ò²¥É¥¢Ï¨Ì ¶·µÉµ´µ¢ 25(4) 20(3) 5(1)
γ-¨§²ÊÎ¥´¨¥ 14(15) 14(15) 17(24)
(¢ Éµ³ Î¨¸²¥ µÉ · ¸¶ ¤  π0) 7(7) 7(7) 7(7)

’ ¡²¨Í  5. „µ²Ö Ô´¥·£¨¨ ¶·µÉµ´´µ£µ ¶ÊÎ±  Q/E (%), ¢Ò¤¥²ÖÕÐ Ö¸Ö ¢ ¢¨¤¥ É¥¶² , ¨ ¤µ²Ö Ô´¥·-
£¨¨ Qp/E (%), Ê´µ¸¨³µ° ¶·µÉµ´ ³¨, ¢ § ¢¨¸¨³µ¸É¨ µÉ ¢¥Ð¥¸É¢  ³¨Ï¥´¨ ¨ £²Ê¡¨´Ò ¢Ìµ¤´µ£µ
µ±´  Z0. � ¤¨Ê¸ ³¨Ï¥´¨ R = 4 ¨ 8 c³ (¢ ¸±µ¡± Ì), ¤²¨´  ³¨Ï¥´¨ L = 50 ¸³

Z0, ¸³ 0 10 20 30 40

Bi, Q/E 77(78) 76(78) 69(74) 56(60) 34(36)
Qp/E 4(0,7) 4(0,7) 12(9) 27(25) 55(53)
Pb, Q/E 78(83) 78(83) 75(79) 62(65) 38(40)
Qp/E 3(0,4) 3(0,4) 6(5) 20(19) 48(47)
W, Q/E 83(87) 83(87) 83(87) 81(86) 60(62)
Qp/E 0,8(0,1) 0,8(0,1) 0,8(0,1) 0,8(0,1) 25(25)

� ¸¶·¥¤¥²¥´¨Ö ³µÐ´µ¸É¨ É¥¶²µ¢Ò¤¥²¥´¨Ö ¢ ¶·µ¤µ²Ó´µ³ ¨ · ¤¨ ²Ó´µ³ ´ ¶· ¢²¥´¨ÖÌ

Q(z) = 2π

∫
Q(z, r)rdr, Q(r) =

∫
Q(z, r)dz

¤²Ö ³¨Ï¥´e° ¸ ³ ²µ° ¨ ¡µ²ÓÏµ° £²Ê¡¨´µ° ¢Ìµ¤´µ£µ µ±´  ¶·¨¢¥¤¥´Ò ´  ·¨¸. 3 ¨ 4. �É-
¤¥²Ó´µ ¶µ± § ´ ¢±² ¤ Í¥´É· ²Ó´µ°, ´ ¨¡µ²¥¥ Ô´¥·£µ´ ¶·Ö¦¥´´µ° Î ¸É¨ ³¨Ï¥´¨. Š ±
¶·¨ ³ ²µ³, É ± ¨ ¶·¨ ¡µ²ÓÏµ³ §´ Î¥´¨¨ Z0 É¥¶²µ¢Ò¤¥²¥´¨¥ ¨³¥¥É ³ ±¸¨³Ê³ ¢¡²¨§¨
ÉµÎ±¨ ¢Ìµ¤  ¶·µÉµ´µ¢. � §²¨Î´ Ö ¢¥²¨Î¨´  ³ ±¸¨³ ²Ó´ÒÌ §´ Î¥´¨° Q ¶·¨ Z = 1 ¨ 20 ¸³
µ¡Ê¸²µ¢²¥´  · §²¨Î´Ò³ · ¸¶µ²µ¦¥´¨¥³ Ï £  £¨¸Éµ£· ³³Ò δZ µÉ´µ¸¨É¥²Ó´µ Í¥´É·µ¢ ³ ±-
¸¨³Ê³µ¢ ¨ ¨¸Î¥§ ¥É ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ³¨Ï¥´e° ¢¥²¨Î¨´Ò δZ. �¸´µ¢´ Ö Î ¸ÉÓ É¥¶² 
(90Ä95%) ¢Ò¤¥²Ö¥É¸Ö ´  · ¸¸ÉµÖ´¨¨ ∆Z � 25 ¸³. �·¨ ÔÉµ³ ´  Í¥´É· ²Ó´ÊÕ µ¡² ¸ÉÓ ¸
· ¤¨Ê¸µ³ R = 1,5 ¸³ ¶·¨Ìµ¤¨É¸Ö µ±µ²µ 85 % ¢Ò¤¥²Ö¥³µ° Ô´¥·£¨¨. ’¥¶²µ¢Ò¤¥²¥´¨¥ ¢
¶¥·¨Ë¥·¨Î¥¸±µ° µ¡² ¸É¨ R > 1,5 ¸³ ´¥§´ Î¨É¥²Ó´µ. ‚ µÉ²¨Î¨¥ µÉ ¶·µ¤µ²Ó´µ£µ, ¢¤µ²Ó
µ¸¨ Z, · ¤¨ ²Ó´µ¥ (¸³. ·¨¸. 4) · ¸¶·¥¤¥²¥´¨¥ ¶µÎÉ¨ ´¥ § ¢¨¸¨É µÉ ¢¥Ð¥¸É¢  ³¨Ï¥´¨.



72 � · Ï¥´±µ¢ B. C. ¨ ¤·.

�¨¸. 3. � ¸¶·¥¤¥²¥´¨¥ ³µÐ´µ¸É¨ É¥¶²µ¢Ò¤¥²¥´¨Ö ¶µ ¤²¨´¥ ³¨Ï¥´¨ (ŒÔ‚, ¢ · ¸Î¥É¥ ´  µ¤¨´

¶¥·¢¨Î´Ò° ¶·µÉµ´). a, ¡) �µ²´µ¥ É¥¶²µ¢Ò¤¥²¥´¨¥ ¢ ³¨Ï¥´¨; ¢, £) É¥¶²µ¢Ò¤¥²¥´¨¥ ¢ ¥¥ Í¥´É· ²Ó´µ°
Î ¸É¨ ¸ R < 1,5 ¸³. 1 Å ¢¨¸³ÊÉµ¢ Ö; 2 Å ¢µ²ÓË· ³µ¢ Ö; 3 Å ¸¢¨´Íµ¢ Ö ³¨Ï¥´¨ ¸µµÉ¢¥É¸É¢¥´´µ.

� ¤¨Ê¸Ò ³¨Ï¥´¥° R = 4 ¸³

�¨¸. 4. � ¤¨ ²Ó´µ¥ · ¸¶·¥¤¥²¥´¨¥ ³µÐ´µ¸É¨ É¥¶²µ¢Ò¤¥²¥´¨Ö ¢ ¢¨¸³ÊÉµ¢µ° (1), ¢µ²ÓË· ³µ¢µ° (2)
¨ ¸¢¨´Íµ¢µ° (3) ³¨Ï¥´ÖÌ

‡�Š‹�—…�ˆ…

…¸²¨ µ£· ´¨Î¨ÉÓ¸Ö Éµ± ³¨ ¶·µÉµ´´µ£µ ¶ÊÎ±  J � 1 ³±A, ±µ£¤  ³µ¦´µ ´¥ ¨¸¶µ²Ó§µ-
¢ ÉÓ ¸²µ¦´ÒÌ ³¨Ï¥´¥° ¸µ ¸¶¥Í¨ ²Ó´Ò³¨ ¸¨¸É¥³ ³¨ É¥¶²µ¸Ñ¥³ , Éµ ¸¢¨´Íµ¢Ò¥ ¨ ¢¨¸³ÊÉµ-
¢Ò¥ ³¨Ï¥´¨ ¸ · ¤¨Ê¸µ³ R � 4 ¸³ µ¸ÊÐ¥¸É¢ÖÉ  ±±Ê³Ê²ÖÍ¨Õ ¶· ±É¨Î¥¸±¨ ¢¸¥£µ ¨µ´¨§ Í¨-
µ´´µ£µ É¥¶²µ¢Ò¤¥²¥´¨Ö ¶·µÉµ´´µ£µ ¶ÊÎ± , ±µÉµ·µ¥ ¡Ê¤¥É ¨³¥ÉÓ ³¥¸Éµ ¢ Ô²¥±É·µÖ¤¥·´µ°
Ê¸É ´µ¢±¥ ¸ ¡² ´±¥Éµ³. ‚ ¶µ¸²¥¤´¥³ ¡Ê¤¥É ¢Ò¤¥²ÖÉÓ¸Ö ²¨ÏÓ ´¥¸±µ²Ó±µ ¶·µÍ¥´Éµ¢ ¸Ê³-
³ ·´ÒÌ ¨µ´¨§ Í¨µ´´ÒÌ ¶µÉ¥·Ó. �¸´µ¢´ Ö Î ¸ÉÓ É¥¶²  (90Ä95%) ¢Ò¤¥²Ö¥É¸Ö ´  ¤²¨´¥
∆Z � 25 ¸³ µÉ ÉµÎ±¨ ¢Ìµ¤  ¶·µÉµ´´µ£µ ¶ÊÎ±  ¢ ³¨Ï¥´Ó. �·¨ ÔÉµ³ ¡µ²ÓÏ Ö Î ¸ÉÓ ÔÉµ£µ
É¥¶²  ¢Ò¤¥²Ö¥É¸Ö ¢ µ¡² ¸É¨ R < 1,5 ¸³.

‚ µ¡² ¤ ÕÐ¥° ¡µ²ÓÏµ° ¶²µÉ´µ¸ÉÓÕ ¢µ²ÓË· ³µ¢µ° ³¨Ï¥´¨, £¤¥ µ¸´µ¢´ Ö Î ¸ÉÓ É¥¶² 
¢Ò¤¥²Ö¥É¸Ö ´  ¢¤¢µ¥ ³¥´ÓÏ¥° ¤²¨´¥ ∆Z, ¤¨ ³¥É· ³¨Ï¥´¨ ³µ¦¥É ¡ÒÉÓ Ê³¥´ÓÏ¥´ ¤µ
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5Ä6 ¸³ ¶·¨³¥·´µ ¶·¨ Éµ³ ¦¥ ¢ÒÌµ¤¥ ´¥°É·µ´µ¢ ¨ ¢¥²¨Î¨´¥ É¥¶²µ¢Ò¤¥²¥´¨Ö, ± ± ¢
³¨Ï¥´ÖÌ ¨§ ¸¢¨´Í  ¨ ¢¨¸³ÊÉ .

‚ Ô²¥±É·µÖ¤¥·´ÒÌ Ê¸É ´µ¢± Ì ¸ ¡² ´±¥Éµ³ § ¢¨¸¨³µ¸ÉÓ ¢ÒÌµ¤  ´¥°É·µ´µ¢ µÉ £²Ê¡¨´Ò
¢Ìµ¤´µ£µ µ±´  Z0 ¡Ê¤¥É ¡µ²¥¥ ¸ÊÐ¥¸É¢¥´´µ°. �ÊÉ¥³ ¸³¥Ð¥´¨Ö ³¨Ï¥´¨ ¢¤µ²Ó µ¸¨ Z
³µ¦´µ ¢²¨ÖÉÓ ´  KÔË ¨ ¤·Ê£¨¥ ¶ · ³¥É·Ò Ê¸É ´µ¢±¨.
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