
�15-2004-122

�. �. • ¸¸ ´1, ‘. Œ. ‹Ê±ÓÖ´µ¢, �. Š ²¶ ±Î¨¥¢ ,
�. �. �¥´¨µ´¦±¥¢¨Î, �. �. �¸É ¡ ÉÖ´, ˆ. ‚¨´ÍµÊ·2,
‡. „²µÊ£Ò2, Ÿ. Œ· §¥±2, ‘. �. ‹µ¡ ¸Éµ¢, �. �. ŠÊ²Ó±µ,
�. �. Œ ·± ·Ö´, ‚. �. Œ ¸²µ¢, �. Š. ‘±µ¡¥²¥¢, �. ƒ. ‘µ¡µ²¥¢

ˆ‡“—…�ˆ… ‘‹ˆŸ�ˆŸ Ÿ„…� ‚ �…�Š–ˆŸ• 4,6�¥ ˆ 7Li
‘ Ÿ„��Œˆ 208Pb ˆ 209Bi

� ¶· ¢²¥´µ ¢ ¦Ê·´ ² ®ˆ§¢¥¸É¨Ö ���, ¸¥·¨Ö Ë¨§¨Î¥¸± Ö¯

1Zagazig University, Faculty of Science, Physics Department, Egypt
2ˆ´¸É¨ÉÊÉ Ö¤¥·´µ° Ë¨§¨±¨, �¦¥¦, —¥Ì¨Ö



• ¸¸ ´ �. �. ¨ ¤·. �15-2004-122
ˆ§ÊÎ¥´¨¥ ¸²¨Ö´¨Ö Ö¤¥· ¢ ·¥ ±Í¨ÖÌ 4,6�¥ ¨ 7Li
¸ Ö¤· ³¨ 208Pb ¨ 209Bi

ˆ§³¥·¥´Ò ¸¥Î¥´¨Ö ¤¥²¥´¨Ö ¨ ¸²¨Ö´¨Ö Ö¤¥· ¤²Ö ·¥ ±Í¨° 4,6He + 209Bi ¨
7Li + 208Pb ¢ ¤¨ ¶ §µ´¥ Ô´¥·£¨° µÉ ±Ê²µ´µ¢¸±µ£µ ¡ ·Ó¥·  ¤µ 200 ŒÔ‚. �±¸-
¶¥·¨³¥´É ¶·µ¢¥¤¥´ ´  Ê¸±µ·¨É¥²¥ “400Œ ‹Ÿ� �ˆŸˆ. �µ± § ´µ, ÎÉµ ¢ ¶·¥¤¥² Ì
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¶µ£·¥Ï´µ¸É¥° Ô±¸¶¥·¨³¥´É ²Ó´µ ¨§³¥·¥´´Ò¥ ËÊ´±Í¨¨ ¤¥²¥-
´¨Ö ¨ ¸²¨Ö´¨Ö ¤²Ö ÔÉ¨Ì ·¥ ±Í¨° ¨³¥ÕÉ ¡²¨§±¨¥ §´ Î¥´¨Ö ¢ Ï¨·µ±µ³ ¤¨ ¶ §µ´¥
Ô´¥·£¨° ¢µ§¡Ê¦¤¥´¨Ö. �·µ¢¥¤¥´  ´ ²¨§ ËÊ´±Í¨° ¢µ§¡Ê¦¤¥´¨Ö ¸²¨Ö´¨Ö ¨ ¤¥²¥´¨Ö
¤²Ö ¨¸¸²¥¤Ê¥³ÒÌ ·¥ ±Í¨° 4He + 209Bi, 6He + 209Bi ¨ 7Li + 208Pb, ¶·¨¢µ¤ÖÐ¨Ì
± µ¡· §µ¢ ´¨Õ É¥Ì ¦¥ ¸ ³ÒÌ ¸µ¸É ¢´ÒÌ ¸¨¸É¥³ 213,215At. �ÉµÉ  ´ ²¨§ ¢Ò¶µ²´¥´
¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ±µ¤µ¢ PACE-4 ¨ CCFULL.

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

�·¥¶·¨´É �¡Ñ¥¤¨´¥´´µ£µ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°. „Ê¡´ , 2004
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Hassan A. A. et al. P15-2004-122
Study of Fusion Reactions Induced by 4,6He and 7Li Beams
on 208Bi and 208Pb Targets

Fission and evaporation cross sections were measured in a broad range of energies
near the Coulomb barrier and up to 200 MeV in the reactions 4,6He + 209Bi and
7Li + 208Pb. The secondary 4,6He beams were produced using the beam-transport
line of the U400M accelerator at FLNR, JINR. The experimental fusion and ˇssion
excitation functions obtained for the different reactions 4He + 209Bi, 6He + 209Bi
and 7Li + 208Pb and leading to the same composite nuclei 213,215At were analyzed
using the PACE-4 and CC codes.

The investigation has been performed at the Flerov Laboratory of Nuclear Reac-
tions, JINR.
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‚ ¶µ¸²¥¤´¥¥ ¢·¥³Ö ´ ¡²Õ¤ ÕÉ¸Ö §´ Î¨É¥²Ó´Ò¥ ¤µ¸É¨¦¥´¨Ö ¢ É¥Ì´¨±¥ ¶µ-
²ÊÎ¥´¨Ö Ô±§µÉ¨Î¥¸±¨Ì ¢Éµ·¨Î´ÒÌ · ¤¨µ ±É¨¢´ÒÌ ¶ÊÎ±µ¢, ¨²¨ ¶ÊÎ±µ¢ ¨µ´µ¢
¸² ¡µ¸¢Ö§ ´´ÒÌ Ö¤¥·. ‘ ÉµÎ±¨ §·¥´¨Ö ¶µ´¨³ ´¨Ö ¢´ÊÉ·¥´´¥° ¸É·Ê±ÉÊ·Ò Ô±§µ-
É¨Î¥¸±¨Ì Ö¤¥·,   É ±¦¥ ¤¨´ ³¨±¨ ¨Ì ¢§ ¨³µ¤¥°¸É¢¨Ö ¸ Ö¤· ³¨ ³¨Ï¥´¨ ·¥ ±-
Í¨¨ ¸²¨Ö´¨Ö ÔÉ¨Ì ¨µ´µ¢ ¸ ÉÖ¦¥²Ò³¨ ³¨Ï¥´Ö³¨ Ö¢²ÖÕÉ¸Ö ¶·¥¤³¥Éµ³ ¨¸¸²¥-
¤µ¢ ´¨° ¢ Ô±¸¶¥·¨³¥´É ²Ó´µ° ¨ É¥µ·¥É¨Î¥¸±µ° Ö¤¥·´µ° Ë¨§¨±¥.

�¸µ¡Ò° ¨´É¥·¥¸ ¶·¥¤¸É ¢²ÖÕÉ ¶ÊÎ±¨ ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ Ö¤¥·, ¤²Ö ±µ-
Éµ·ÒÌ Ì · ±É¥·´µ ´ ²¨Î¨¥ ¢ ²¥´É´ÒÌ ´¥°É·µ´µ¢, ¶·¨¢µ¤ÖÐ¨Ì ± µ¡· §µ¢ ´¨Õ
´¥°É·µ´´µ£µ £ ²µ. Ÿ¤· ³¨ ¸ É ±µ° ¸É·Ê±ÉÊ·µ° Ö¢²ÖÕÉ¸Ö 6He ¨ 11Li. ‘²¥¤-
¸É¢¨¥³ ¡µ²¥¥ ¶·µÉÖ¦¥´´µ£µ · ¸¶·¥¤¥²¥´¨Ö ¶²µÉ´µ¸É¨ ´¥°É·µ´µ¢ ¢ ÔÉ¨Ì Ö¤· Ì,
¶µ ¸· ¢´¥´¨Õ ¸ µ¡ÒÎ´Ò³¨ Ö¤· ³¨ ¢¡²¨§¨ ¤µ²¨´Ò ¸É ¡¨²Ó´µ¸É¨, ¸É ´µ¢¨É¸Ö
Éµ, ÎÉµ ¶·¨ ¨Ì ¸²¨Ö´¨¨ ³µ¦¥É ¶·µÖ¢²ÖÉÓ¸Ö ®¸¶ ·¨¢ ´¨¥ ±µ²²¥±É¨¢´ÒÌ ¸É¥-
¶¥´¥° ¸¢µ¡µ¤Ò¯ [1], ÎÉµ ¢ ¸¢µÕ µÎ¥·¥¤Ó ¶·¨¢µ¤¨É ± Ê¢¥²¨Î¥´¨Õ ¢¥·µÖÉ´µ¸É¨
ÉÊ´´¥²¨·µ¢ ´¨Ö Î¥·¥§ ¶µÉ¥´Í¨ ²Ó´Ò° ¡ ·Ó¥·. ‚ ¨Éµ£¥ ÔÉµ ¶·¨¢µ¤¨É ± Ê¢¥-
²¨Î¥´¨Õ ¢¥·µÖÉ´µ¸É¨ ¸²¨Ö´¨Ö ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ Ö¤¥· ¸ Ö¤· ³¨ ³¨Ï¥´¨.
‘ ¤·Ê£µ° ¸Éµ·µ´Ò, É ± ± ± ÔÉ¨ Ö¤·  Ö¢²ÖÕÉ¸Ö ¸² ¡µ¸¢Ö§ ´´Ò³¨, ÔÉµ ¤µ²¦´µ
¶·¨¢µ¤¨ÉÓ ± Ê¢¥²¨Î¥´¨Õ ¢¥·µÖÉ´µ¸É¥° ¨Ì · §¢ ²  ¸ ¶µ¸²¥¤ÊÕÐ¨³ ¸²¨Ö´¨¥³ ¸
µ¤´¨³ ¨§ ¶·µ¤Ê±Éµ¢ · §¢ ²  ¨²¨ ± ·¥ ±Í¨Ö³ ¶¥·¥¤ Î¨ ´Ê±²µ´µ¢ ¡¥§ ¶·µÍ¥¸¸ 
¸²¨Ö´¨Ö ¤¢ÊÌ ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì Ö¤¥·.

�¤´ ±µ, ´¥¸³µÉ·Ö ´  ¶µ´¨³ ´¨¥ Ë¨§¨±¨ ¶·µ¨¸Ìµ¤ÖÐ¨Ì ¶·µÍ¥¸¸µ¢, ´¥É
¤µ¸É ÉµÎ´µ ¶µ²´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ¶µ¸¢ÖÐ¥´´ÒÌ ¨¸¸²¥¤µ¢ ´¨Õ
¸²¨Ö´¨Ö ¨ · ¸¶ ¤  ¸µ¸É ¢´ÒÌ ¸¨¸É¥³, µ¡· §ÊÕÐ¨Ì¸Ö ¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨ ¶ÊÎ-
±µ¢ ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ Ö¤¥· ¸ Ö¤· ³¨ ³¨Ï¥´¨ ¶·¨ Ô´¥·£¨ÖÌ Î ¸É¨Í ´ ¤ ¡ -
·Ó¥·µ³ ¸²¨Ö´¨Ö. ’ ±, ´ ¶·¨³¥·, ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¨³¥ÕÉ¸Ö ¶·µÉ¨¢µ·¥Î¨¢Ò¥
¤ ´´Ò¥ µ ¸¥Î¥´¨ÖÌ ¸²¨Ö´¨Ö ¢ ·¥ ±Í¨ÖÌ, ¢Ò§¢ ´´ÒÌ ¨µ´ ³¨ 6He; µ¤´¨ ¨§ ´¨Ì
¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ µ¡ Ê¢¥²¨Î¥´¨¨ ¸¥Î¥´¨Ö ¸²¨Ö´¨Ö,   ¤·Ê£¨¥ µ ¶µ¤ ¢²¥´¨¨ ¸²¨-
Ö´¨Ö. „²Ö ´ ¸ÉµÖÐ¨Ì ¨¸¸²¥¤µ¢ ´¨° ¡Ò² ¢Ò¡· ´ ¨ ¶µ²ÊÎ¥´ ¶ÊÎµ± ¨µ´µ¢ 6He
¸ ¢ ·Ó¨·Ê¥³µ° Ô´¥·£¨¥° ¢ ¤¨ ¶ §µ´¥ 25Ä200 ŒÔ‚. ‚¶¥·¢Ò¥ ¡Ò²¨ ¶µ²ÊÎ¥´Ò
¶µ²´Ò¥ ¤ ´´Ò¥ µ ¶·µÍ¥¸¸ Ì ¸²¨Ö´¨Ö ¨ · ¸¶ ¤  ¸µ¸É ¢´µ° ¸¨¸É¥³Ò (µ ¤¥²¥-
´¨¨ ¨ µ¡· §µ¢ ´¨¨ ¨¸¶ ·¨É¥²Ó´ÒÌ µ¸É É±µ¢ ¶µ¸²¥ ¨¸¶ ·¥´¨Ö x-´¥°É·µ´µ¢),
µ¡· §ÊÕÐ¥°¸Ö ¢ ·¥ ±Í¨¨ 6He + 209Bi ¢ Ê± § ´´µ³ ¤¨ ¶ §µ´¥ Ô´¥·£¨°.

�·¨ ¨§ÊÎ¥´¨¨ ¢§ ¨³µ¤¥°¸É¢¨Ö ·¥¤±¨Ì Ô±§µÉ¨Î¥¸±¨Ì Ö¤¥·  ±ÉÊ ²Ó´Ò³ Ö¢²Ö-
¥É¸Ö ¢µ¶·µ¸ µ ¢Ò¡µ·¥ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ± ´ ²µ¢ ·¥ ±Í¨° ¤²Ö ¸· ¢´¥´¨Ö ¨
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¶µ¸²¥¤ÊÕÐ¥£µ ¢ÒÖ¢²¥´¨Ö Ì · ±É¥·´ÒÌ µ¸µ¡¥´´µ¸É¥° ¢ ¤¨´ ³¨±¥ ¢§ ¨³µ¤¥°-
¸É¢¨Ö ¨ ¸É·Ê±ÉÊ·¥ ¨§ÊÎ ¥³ÒÌ Ö¤¥·. „²Ö ¶µ²´µÉÒ ¨´É¥·¶·¥É Í¨¨ Ô±¸¶¥·¨³¥´-
É ²Ó´ÒÌ ¤ ´´ÒÌ ¢ ´ ¸ÉµÖÐ¥° · ¡µÉ¥ ¶·µ¢¥¤¥´µ ¸· ¢´¥´¨¥ ¸¥Î¥´¨Ö µ¡· §µ¢ -
´¨Ö ¨¸¶ ·¨É¥²Ó´ÒÌ µ¸É É±µ¢ (ER) ¨ ¸¥Î¥´¨Ö ¤¥²¥´¨Ö ¢ ·¥ ±Í¨ÖÌ 6He + 209Bi ¨
4He + 209Bi. �µ¸±µ²Ó±Ê ¤ ´´Ò¥ ·¥ ±Í¨¨ ¶·¨¢µ¤ÖÉ ± µ¡· §µ¢ ´¨Õ · §²¨Î´ÒÌ
¸µ¸É ¢´ÒÌ Ö¤¥·, 215At ¨ 213At, ¤²Ö Éµ£µ, ÎÉµ¡Ò ¨¸±²ÕÎ¨ÉÓ ÔÉÊ ´¥µ¶·¥¤¥²¥´-
´µ¸ÉÓ, ¡Ò²µ ¶·µ¢¥¤¥´µ É ±¦¥ ¨¸¸²¥¤µ¢ ´¨¥ ·¥ ±Í¨¨ 7Li + 208Pb, ¶·¨¢µ¤ÖÐ¥°
± µ¡· §µ¢ ´¨Õ Éµ£µ ¦¥ ¸µ¸É ¢´µ£µ Ö¤·  215At, ÎÉµ ¨ ¢ ·¥ ±Í¨¨ 6He + 209Bi.

1. �Š‘�…�ˆŒ…�’�‹œ��Ÿ Œ…’�„ˆŠ�

‘Ì¥³ É¨Î¥¸±µ¥ ¨§µ¡· ¦¥´¨¥ Ê¸É ´µ¢±¨, ¶·¥¤´ §´ Î¥´´µ° ¤²Ö µ¤´µ¢·¥-
³¥´´µ° ·¥£¨¸É· Í¨¨  ±Éµ¢ ¤¥²¥´¨Ö ¨ ¶·µ¤Ê±Éµ¢ · ¸¶ ¤  ¨¸¶ ·¨É¥²Ó´ÒÌ µ¸É É-
±µ¢ (xn-± ´ ²µ¢ ·¥ ±Í¨°) ¢ ·¥¦¨³¥ ¨§³¥·¥´¨Ö on-line, ¶·¥¤¸É ¢²¥´µ ´  ·¨¸. 1.
“¸É ´µ¢±  ¢±²ÕÎ ¥É ¢ ¸¥¡Ö ¤¢¥ ³¨Ï¥´¨ (Éµ²Ð¨´µ° ∼ 300 ³±£/¸³2 ± ¦¤ Ö) ¨
¤¢¥ ¶ ·Ò ±·¥³´¨¥¢ÒÌ ¶µ²Ê¶·µ¢µ¤´¨±µ¢ÒÌ ¶µ¢¥·Ì´µ¸É´µ-¡ ·Ó¥·´ÒÌ ¤¥É¥±Éµ-
·µ¢ (��„), µ±·Ê¦ ÕÐ¨Ì ÔÉ¨ ³¨Ï¥´¨. Œ¨Ï¥´¨ (¢ ¤ ´´µ³ ¸²ÊÎ ¥ 209Bi ¨²¨
208Pb), ´  Ö¤· Ì ±µÉµ·ÒÌ ¶·µ¨¸Ìµ¤¨É ¢§ ¨³µ¤¥°¸É¢¨¥ ¸ Ö¤· ³¨ ¶ÊÎ± , · §³¥-
Ð ÕÉ¸Ö ¶µ¤ Ê£²µ³ 45◦ ± µ¸¨ ¶ÊÎ± . ��„ ¨³¥ÕÉ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏµ° ¤¨ ³¥É·
(∼ 5 ¸³) ¨ · §³¥Ð ÕÉ¸Ö ´  · ¸¸ÉµÖ´¨¨ µ±µ²µ 3 ¸³ µÉ ³¨Ï¥´¥°. ’ ± Ö £¥µ-
³¥É·¨Ö ¶µ§¢µ²¨²  ¤µ¡¨ÉÓ¸Ö µÉ´µ¸¨É¥²Ó´µ ¡µ²ÓÏµ£µ ÔËË¥±É¨¢´µ£µ É¥²¥¸´µ£µ

�¨¸. 1. ‘Ì¥³  Ô±¸¶¥·¨³¥´É ²Ó´µ° Ê¸É ´µ¢±¨, ¢±²ÕÎ ÕÐ¥° ¢ ¸¥¡Ö ¸¨¸É¥³Ê ±µ²²¨³ -
Í¨¨ ¢Éµ·¨Î´µ£µ ¶ÊÎ± , ¤¢¥ ³¨Ï¥´¨ ¨ ¤¢¥ ¶ ·Ò ¶µ²Ê¶·µ¢µ¤´¨±µ¢ÒÌ Si-¤¥É¥±Éµ·µ¢ ¤²Ö
·¥£¨¸É· Í¨¨ ³£´µ¢¥´´ÒÌ µ¸±µ²±µ¢ ¤¥²¥´¨Ö ¨ α-Î ¸É¨Í µÉ · ¸¶ ¤  Ö¤¥·-¶·µ¤Ê±Éµ¢ ¨¸-
¶ ·¨É¥²Ó´ÒÌ ·¥ ±Í¨°
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Ê£²  (30 % µÉ 4π), ÔÉµ ¤ ¥É ¢µ§³µ¦´µ¸ÉÓ ´ ¡¨· ÉÓ ¢ Ô±¸¶¥·¨³¥´É¥ ¤µ¸É ÉµÎ´ÊÕ
¸É É¨¸É¨±Ê ¤ ¦¥ ¢ Ê¸²µ¢¨ÖÌ ´¨§±µ° (∼ 104 Î ¸É./c) ¨´É¥´¸¨¢´µ¸É¨ ¢Éµ·¨Î´ÒÌ
¶ÊÎ±µ¢. ˆ¸¶µ²Ó§µ¢ ´¨¥ Ê¸É ´µ¢±¨ ¨§ ¤¢ÊÌ ³¨Ï¥´¥° ¶µ§¢µ²Ö¥É Ê¢¥²¨Î¨ÉÓ ¸É -
É¨¸É¨±Ê ¢ ¤¢  · § , ¶µ¸±µ²Ó±Ê ¶µÉ¥·¨ Ô´¥·£¨¨ ¢Éµ·¨Î´µ£µ ¶ÊÎ±  ¢ ³¨Ï¥´¨
¸µ¸É ¢²ÖÕÉ ¢¥²¨Î¨´Ê ³¥´ÓÏ¥ 1 ŒÔ‚, ÎÉµ ¸· ¢´¨³µ ¸ Ô´¥·£¥É¨Î¥¸±¨³ · §·¥-
Ï¥´¨¥³ ¸ ³µ£µ ¢Éµ·¨Î´µ£µ ¶ÊÎ± . ‚§ ¨³´µ¥ · ¸¶µ²µ¦¥´¨¥ ± ¦¤µ° ¶ ·Ò ��„
µÉ´µ¸¨É¥²Ó´µ ³¨Ï¥´¨ ¡Ò²µ ¢Ò¡· ´µ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ±¨´¥³ É¨±µ° ¤²Ö ·¥£¨-
¸É· Í¨¨ ¸µ¢¶ ¤¥´¨° ±µ··¥²¨·µ¢ ´´ÒÌ ¶ · µ¸±µ²±µ¢ ¢Ò´Ê¦¤¥´´µ£µ ¤¥²¥´¨Ö.

„²Ö ¶µ²ÊÎ¥´¨Ö ËÊ´±Í¨¨ ¢µ§¡Ê¦¤¥´¨Ö ·¥ ±Í¨° ¸ µ¡· §µ¢ ´¨¥³ µ¸±µ²-
±µ¢ ¤¥²¥´¨Ö ¨ ¨¸¶ ·¨É¥²Ó´ÒÌ µ¸É É±µ¢ µ¸ÊÐ¥¸É¢²Ö² ¸Ó ´¥µ¡Ìµ¤¨³ Ö ¢ ·¨-
 Í¨Ö Ô´¥·£¨¨ ¶ÊÎ±  ¨µ´µ¢ ¢ ¤¨ ¶ §µ´¥ µÉ 20Ä200 ŒÔ‚. ‘ ÔÉµ° Í¥²ÓÕ ¨¸-
¶µ²Ó§µ¢ ² ¸Ó ¨µ´´µ-µ¶É¨Î¥¸± Ö ¸¨¸É¥³  É· ´¸¶µ·É¨·µ¢±¨ ¶ÊÎ±µ¢ Ê¸±µ·¨É¥²Ö
“400Œ ‹Ÿ� �ˆŸˆ. ’µ²¸ÉÒ° (5Ä6 ³³) ¶µ£²µÉ¨É¥²Ó ¨§ ¡¥·¨²²¨Ö Ê¸É ´ ¢²¨-
¢ ²¸Ö ¶µ ¶ÊÉ¨ ¶¥·¢¨Î´µ£µ ¶ÊÎ±  (¢ ¤ ´´µ³ ¸²ÊÎ ¥ ¶ÊÎ±  ¨µ´µ¢ 7Li ¸ Ô´¥·£¨¥°
35 ŒÔ‚/´Ê±²µ´) ¨ ¢Ò¶µ²´Ö² ¤¢µ°´ÊÕ ËÊ´±Í¨Õ: µ´ ¸²Ê¦¨² ¢ ± Î¥¸É¢¥ ¶·µ¨§-
¢µ¤ÖÐ¥° ³¨Ï¥´¨ ¤²Ö ¢Éµ·¨Î´µ£µ ¶ÊÎ±  ¨²¨ ¢ ± Î¥¸É¢¥ ¶µ£²µÉ¨É¥²Ö ¤²Ö ¸´¨-
¦¥´¨Ö Ô´¥·£¨¨ ¶¥·¢¨Î´µ£µ ¶ÊÎ± . �µ¸²¥¤ÊÕÐ Ö ³µ´µÌ·µ³ É¨§ Í¨Ö ¢Éµ·¨Î-
´µ£µ ¶ÊÎ±  6He ¨ ¶¥·¢¨Î´µ£µ ¶ÊÎ±  7Li ¸ ³¥´ÓÏ¥° Ô´¥·£¨¥° µ¸ÊÐ¥¸É¢²Ö²¨¸Ó
¶µ¸·¥¤¸É¢µ³  Ì·µ³ É¨Î¥¸±µ° ³ £´¨É´µ° ¸¨¸É¥³µ° 3QDQQD2Q Ê¸±µ·¨É¥²Ö
“400Œ. ˆ³¶Ê²Ó¸´Ò° § Ì¢ É ÔÉµ° ¸¨¸É¥³Ò ¸µ¸É ¢²Ö² ¢¥²¨Î¨´Ê µ±µ²µ ±0,7 %,
  §´ Î¥´¨¥ Ô´¥·£¨¨ ¶ÊÎ±  ³¥´Ö²µ¸Ó ¶ÊÉ¥³ ¨§³¥´¥´¨Ö ³ £´¨É´µ£µ ¶µ²Ö ¸¨¸É¥³Ò
3QDQQD2Q.

�¸µ¡µ¥ ¢´¨³ ´¨¥ ¡Ò²µ Ê¤¥²¥´µ ·¥£¨¸É· Í¨¨ ¨ ¨¤¥´É¨Ë¨± Í¨¨ Ö¤¥· ¨¸-
¶ ·¨É¥²Ó´ÒÌ µ¸É É±µ¢ ¶µ α-· ¸¶ ¤Ê. —Éµ¡Ò ¨¸±²ÕÎ¨ÉÓ Ëµ´ µÉ ¶·Ö³ÒÌ ·¥ ±-
Í¨° ¸ µ¡· §µ¢ ´¨¥³ α-Î ¸É¨Í, ¡Ò²¨ ¨¸¶µ²Ó§µ¢ ´Ò ¸¶¥Í¨ ²Ó´Ò° ®Ô²¥±É·µ´-
´Ò° ±²ÕÎ¯ ¨ ³µ¤Ê²ÖÍ¨Ö ¶ÊÎ± . �É  ³¥Éµ¤¨±  ¶µ§¢µ²Ö²  ¶·µ¢µ¤¨ÉÓ ·¥£¨¸É· -
Í¨Õ ®³£´µ¢¥´´ÒÌ¯ µ¸±µ²±µ¢ ¤¥²¥´¨Ö ¢ ·¥¦¨³¥ beam-on ¨ ·¥£¨¸É· Í¨Õ α-
Î ¸É¨Í ¢ ·¥¦¨³¥ beam-off µÉ · ¸¶ ¤  Ö¤¥·, µ¡· §µ¢ ¢Ï¨Ì¸Ö ¶µ¸²¥ ¨¸¶Ê¸± ´¨Ö
x-´¥°É·µ´µ¢ ¨§ ¸µ¸É ¢´µ£µ Ö¤· .

�¨¦¥ ¶·¥¤¸É ¢²¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ, ¶µ²ÊÎ¥´´Ò¥ ¢ ¤ ´´µ°
· ¡µÉ¥, ¶µ ¨¸¸²¥¤µ¢ ´¨Õ ¶·µÍ¥¸¸µ¢ ¤¥²¥´¨Ö ¨ µ¡· §µ¢ ´¨Ö ¨¸¶ ·¨É¥²Ó´ÒÌ
µ¸É É±µ¢ ¢ ·¥ ±Í¨ÖÌ 4He + 209Bi, 6He + 209Bi ¨ 7Li + 208Pb ¢ ´ ¤¡ ·Ó¥·´µ°
µ¡² ¸É¨ Ô´¥·£¨°. ‘¥Î¥´¨Ö ¤¥²¥´¨Ö ¡Ò²¨ ¨§³¥·¥´Ò ¢ ·¥¦¨³¥ beam-on. �¥£¨-
¸É· Í¨Ö ¨ ¨¤¥´É¨Ë¨± Í¨Ö ¤µ²£µ¦¨¢ÊÐ¨Ì ¨¸¶ ·¨É¥²Ó´ÒÌ µ¸É É±µ¢ (xn-± ´ ²Ò
·¥ ±Í¨°) ¡Ò²¨ ¢Ò¶µ²´¥´Ò ¢ ·¥¦¨³¥ beam-off,   ¤²Ö ±µ·µÉ±µ¦¨¢ÊÐ¨Ì Ö¤¥·,
¨¸¶ÒÉÒ¢ ÕÐ¨Ì α-· ¸¶ ¤ (¤²Ö ¢¥²¨Î¨´ ¶¥·¨µ¤µ¢ T1/2 ³¥´ÓÏ¨Ì 1 ¸), ¢ ·¥¦¨³¥
on-line. ‚ ¸²ÊÎ ¥ ¤µ²£µ¦¨¢ÊÐ¨Ì Ö¤¥· ¨¸¶µ²Ó§µ¢ ²¸Ö É ±¦¥ ·¥¦¨³ off-line ¤²Ö
¨§³¥·¥´¨° ´ ¢¥¤¥´´ÒÌ α- ¨ γ-· ¤¨µ ±É¨¢´µ¸É¥° ¢ µ¡²ÊÎ¥´´ÒÌ ³¨Ï¥´ÖÌ.

1.1. ˆ§³¥·¥´¨¥ α-¸¶¥±É·µ¢ Ö¤¥·-¶·µ¤Ê±Éµ¢ ¨¸¶ ·¨É¥²Ó´ÒÌ ± ´ ²µ¢ ¢
·¥ ±Í¨ÖÌ 4He + 209Bi, 6He + 209Bi ¨ 7Li + 208Pb. • · ±É¥·¨¸É¨±¨ £² ¢´ÒÌ
³µ¤ α-· ¸¶ ¤  Ö¤¥·, µ¡· §µ¢ ´´ÒÌ ¢ ·¥ ±Í¨ÖÌ 4,6He + 209Bi ¨ 7Li + 208Pb,
¶·¥¤¸É ¢²¥´Ò ¢ É ¡²¨Í¥.
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• · ±É¥·¨¸É¨±¨ ¢¥É¢¥° α-· ¸¶ ¤  ¨§µÉµ¶µ¢ 213,215−xnAt, µ¡· §ÊÕÐ¨Ì¸Ö ¢ ·¥ ±Í¨ÖÌ
4,6He + 209Bi ¨ 7Li + 208Pb

xn (4He) xn (6He, 7Li) Ÿ¤·µ-µ¸É Éµ± �¥·¨µ¤ T1/2 �´¥·£¨Ö Eα, MÔ‚

Å 1n 214At 558 ´¸ 8,82

0n 2n 213At 125 ´¸ 9,08

1n 3n 212At 314 ³¸ 7,68

2n 4n 211At 7,21 Î
5,87

7,28 (211Po, 516 ³¸)

3n 5n 210At 8,1 Î
5,36Ä5,52

5,3 (210Po, 138,4 ¤´.)

„²Ö ¨²²Õ¸É· Í¨¨ ´  ·¨¸. 2 ¶·¥¤¸É ¢²¥´ Ô´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· α-Î ¸É¨Í,
¨§³¥·¥´´´Ò° ¢ ·¥¦¨³¥ on-line ¶·¨ α-· ¸¶ ¤¥ ¨§µÉµ¶µ¢ At, µ¡· §µ¢ ¢Ï¨Ì¸Ö ¢
·¥ ±Í¨¨ 7Li + 208Pb. Š ´ ² ¸ ¨¸¶Ê¸± ´¨¥³ ¨§ ¸µ¸É ¢´µ£µ Ö¤·  É·¥Ì ´¥°É·µ-
´µ¢, ¶·¨¢µ¤ÖÐ¨° ± µ¡· §µ¢ ´¨Õ 212At, µÉÎ¥É²¨¢µ ¨¤¥´É¨Ë¨Í¨·Ê¥É¸Ö ¶µ ¶¨±Ê
¢ ¸¶¥±É·¥ α-Î ¸É¨Í ¸ Ô´¥·£¨¥° Eα = 7, 8 ŒÔ‚. �·¨³¥·Ò ¸¶¥±É·µ¢ α-Î ¸É¨Í,
¨§³¥·¥´´ÒÌ ¢ ·¥¦¨³¥ off-line, ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 3 ¨ 4. �É¨ ¸¶¥±É·Ò ¡Ò²¨
¶µ²ÊÎ¥´Ò ¶·¨ ¨§³¥·¥´¨¨ ¶·µ¤Ê±Éµ¢ ·¥ ±Í¨° 6He + 209Bi ¨ 7Li + 208Pb ¨ ¨¸-
¶µ²Ó§µ¢ ´Ò ¤²Ö ¨¤¥´É¨Ë¨± Í¨¨ ± ´ ²  ·¥ ±Í¨¨ ¸ ¨¸¶ ·¥´¨¥³ ¨§ ¸µ¸É ¢´µ£µ

�¨¸. 2. ˆ§³¥·¥´´Ò° ¢ ·¥¦¨³¥ on-line Ô´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· α-Î ¸É¨Í ¨¸¶ -
·¨É¥²Ó´ÒÌ ¶·µ¤Ê±Éµ¢, µ¡· §µ¢ ¢Ï¨Ì¸Ö ¶·¨ · ¸¶ ¤¥ ¸µ¸É ¢´µ£µ Ö¤·  ¢ ·¥ ±Í¨¨
7Li(40, 6 MÔ‚) + 208Pb
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�¨¸. 3. ˆ§³¥·¥´´Ò° ¢ ·¥¦¨³¥ off-line
Ô´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· α-Î ¸É¨Í, ´ -
¡²Õ¤ ¢Ï¨Ì¸Ö ¶·¨ · ¸¶ ¤¥ 211At, ¶·µ-
¤Ê±É , ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ± ´ ²Ê ¸ ¨¸-
¶ ·¥´¨¥³ Î¥ÉÒ·¥Ì ´¥°É·µ´µ¢ ¨§ ¸µ-
¸É ¢´µ£µ Ö¤· , µ¡· §µ¢ ¢Ï¥£µ¸Ö ¢ ·¥-
 ±Í¨¨ 7Li(46, 7 MÔ‚) + 208Pb

Ö¤·  Î¥ÉÒ·¥Ì ´¥°É·µ´µ¢. �¥¸³µÉ·Ö ´  ³ ²ÊÕ ¸É É¨¸É¨±Ê ¢ ¸Ê³³ ·´ÒÌ ¸¶¥±-
É· Ì α-Î ¸É¨Í ¢ ¸²ÊÎ ¥ ¨§ÊÎ¥´¨Ö ·¥ ±Í¨° ´  ¢Éµ·¨Î´µ³ ¶ÊÎ±¥ 6He, ± ´ ²
¨¸¶ ·¥´¨Ö 4n Ìµ·µÏµ ¢Ò¤¥²Ö¥É¸Ö.

�¨¸. 4. �´¥·£¥É¨Î¥¸±¨° ¸¶¥±É·
α-Î ¸É¨Í, ´ ¡²Õ¤ ¢Ï¨Ì¸Ö ¢ ·¥ ±-
Í¨¨ 6He + 209Bi ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì
211At ± ± ¶·µ¤Ê±ÉÊ ¨¸¶ ·¥´¨Ö ¨§ ¸µ-
¸É ¢´µ£µ Ö¤·  Î¥ÉÒ·¥Ì ´¥°É·µ´µ¢,
¶·¨ Ô´¥·£¨¨ ¶ÊÎ±  6He 52,3 ŒÔ‚

1.2. ˆ¤¥´É¨Ë¨± Í¨Ö Ö¤¥·-¶·µ¤Ê±Éµ¢ ·¥ ±Í¨° ®¸²¨Ö´¨¥Ä¨¸¶ ·¥´¨¥¯ ¶µ
γ-¨§²ÊÎ¥´¨Õ ¶·¨ µ¡²ÊÎ¥´¨¨ 7Li-³¨Ï¥´¥° ¨§ 208Pb. „²Ö ·¥ ±Í¨° 7Li + 208Pb
¨ 6He + 209Bi ¡Ò²¨ ¨¸¸²¥¤µ¢ ´Ò ¶·µ¤Ê±ÉÒ, µ¡· §µ¢ ¢Ï¨¥¸Ö ¶µ¸²¥ ¨¸¶ ·¥-
´¨Ö ¨§ ¸µ¸É ¢´µ° ¸¨¸É¥³Ò µÉ ¶ÖÉ¨ ¤µ ¤¥¢ÖÉ¨ ´¥°É·µ´µ¢ (¡Ê¤¥³ ´ §Ò¢ ÉÓ ¨Ì
¶·µ¤Ê±É ³¨ 5n−9n ¨¸¶ ·¨É¥²Ó´ÒÌ ± ´ ²µ¢) ¢ ·¥¦¨³¥ off-line ¶µ Ì · ±É¥·¨-
¸É¨Î¥¸±µ³Ê γ-¨§²ÊÎ¥´¨Õ. ˆ¤¥´É¨Ë¨± Í¨Ö Ö¤¥· ¡Ò²  ¶·µ¢¥¤¥´  ¶·¨  ´ ²¨§¥
¨§³¥·¥´´ÒÌ ´ ³¨ γ-¸¶¥±É·µ¢ ¸ ¢Ò¤¥²¥´¨¥³ ¶¨±µ¢ ¸ Ì · ±É¥·´Ò³¨ ¤²Ö ¸¨´-
É¥§¨·Ê¥³ÒÌ Ö¤¥· §´ Î¥´¨Ö³¨ Ô´¥·£¨° γ-¶¥·¥Ìµ¤µ¢ ¨ ¶¥·¨µ¤µ¢ ¶µ²Ê· ¸¶ ¤ 
(T1/2). �  ·¨¸. 5 ¶·¥¤¸É ¢²¥´ Ô´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· γ-²ÊÎ¥°, ¶µ²ÊÎ¥´´Ò° ¤²Ö
¶·µ¤Ê±Éµ¢ ·¥ ±Í¨¨ 7Li + 208Pb ¶·¨ Ô´¥·£¨¨ ¡µ³¡ ·¤¨·ÊÕÐ¨Ì ¨µ´µ¢ 67 ŒÔ‚,
  ´  ·¨¸. 6 ¶·¨¢¥¤¥´Ò ±·¨¢Ò¥ ¨§³¥´¥´¨Ö ¸µ ¢·¥³¥´¥³ ¨´É¥´¸¨¢´µ¸É¨ ¢Ò¤¥-
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�¨¸. 5. �´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· γ-²ÊÎ¥° ¨ ¨¤¥´É¨Ë¨± Í¨Ö Ö¤¥·-¶·µ¤Ê±Éµ¢ ·¥ ±Í¨° ¸
¨¸¶ ·¥´¨¥³ 5n−7n-´¥°É·µ´µ¢ ¶·¨ µ¡²ÊÎ¥´¨¨ ¨µ´ ³¨ 7Li(67 ŒÔ‚) ³¨Ï¥´¨ ¨§ 208Pb

�¨¸. 6. Š·¨¢Ò¥ · ¸¶ ¤  ¤²Ö Ì -
· ±É¥·´ÒÌ γ-²¨´¨° ´ ¢¥¤¥´´µ° ¢
³¨Ï¥´ÖÌ γ- ±É¨¢´µ¸É¨ ¢ ·¥ ±-
Í¨¨ 7Li(67 ŒÔ‚) + 208Pb (¨¤¥´-
É¨Ë¨± Í¨Ö Ì · ±É¥·´ÒÌ γ-²¨´¨°
¤²Ö Ö¤¥·-¶·µ¤Ê±Éµ¢ 5n−9n ¨¸¶ -
·¨É¥²Ó´ÒÌ ± ´ ²µ¢ ¢ Ê± § ´´µ°
·¥ ±Í¨¨)

²¥´´ÒÌ ´ ³¨ ²¨´¨° γ-²ÊÎ¥° ¤²Ö µ¶·¥¤¥²¥´¨Ö ¶¥·¨µ¤µ¢ ¶µ²Ê· ¸¶ ¤  T1/2 ¨
¨¤¥´É¨Ë¨± Í¨¨ µ¡· §µ¢ ¢Ï¨Ì¸Ö Ö¤¥·.

1.3. ˆ§³¥·¥´¨¥ µ¸±µ²±µ¢ ¤¥²¥´¨Ö ¢ ·¥ ±Í¨ÖÌ 4,6He + 209Bi, 7Li + 208Pb
¨ 7Li + 209Bi. �¥£¨¸É· Í¨Ö ±µ··¥²¨·µ¢ ´´ÒÌ ¶ · µ¸±µ²±µ¢ ¤¥²¥´¨Ö ¶·µ¢µ-
¤¨² ¸Ó ± ¦¤µ° ¶ ·µ° Si-¤¥É¥±Éµ·µ¢ ¢ ¸µ¢¶ ¤¥´¨¨,   ¨§³¥´¥´¨¥ Ô´¥·£¨¨ ´ -
²¥É ÕÐ¨Ì ¨µ´µ¢ ¶µ§¢µ²¨²µ ¶µ²ÊÎ¨ÉÓ ËÊ´±Í¨Õ ¢µ§¡Ê¦¤¥´¨Ö ¤¥²¥´¨Ö, É. ¥.
§ ¢¨¸¨³µ¸ÉÓ ¸¥Î¥´¨Ö ¤¥²¥´¨Ö Ö¤¥· ³¨Ï¥´¨ Ö¤· ³¨ ´ ²¥É ÕÐ¨Ì ¨µ´µ¢ µÉ ¨Ì
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�¨¸. 7. „¢Ê³¥·´ Ö ³ É·¨Í  ¢ÒÌµ¤µ¢ ¤¢ÊÌ ±µ··¥²¨·µ¢ ´´ÒÌ ¶·µ¤Ê±Éµ¢ ·¥ ±Í¨¨ µÉ
¨Ì Ô´¥·£¨¨ (¢ ± ´ ² Ì). �¡² ¸ÉÓ, ¸µµÉ¢¥É¸É¢ÊÕÐ Ö µ¡· §µ¢ ´¨Õ µ¸±µ²±µ¢ ¤¥²¥´¨Ö,
µÉÎ¥É²¨¢µ µÉ¤¥²Ö¥É¸Ö µÉ µ¡² ¸É¨ ¤·Ê£¨Ì ¶·µ¤Ê±Éµ¢ ·¥ ±Í¨°

Ô´¥·£¨¨. ‘µ¢¶ ¤¥´¨¥ ¤¢ÊÌ µ¸±µ²±µ¢ ¤¥²¥´¨Ö ¶µ§¢µ²Ö²µ Î¥É±µ ¢Ò¤¥²ÖÉÓ ¶·µ-
Í¥¸¸ ¤¥²¥´¨Ö µÉ ¤·Ê£¨Ì ± ´ ²µ¢ ·¥ ±Í¨¨, ± ± ÔÉµ ¶µ± § ´µ ´  ·¨¸. 7.

2. �Š‘�…�ˆŒ…�’�‹œ�›… �…‡“‹œ’�’›

�  ·¨¸. 8 ¶·¥¤¸É ¢²¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ËÊ´±Í¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¤¥-
²¥´¨Ö, ¶µ²ÊÎ¥´´Ò¥ ¤²Ö ¨¸¸²¥¤Ê¥³ÒÌ ·¥ ±Í¨° 4He + 209Bi, 6He + 209Bi ¨
7Li + 208Pb. �  ·¨¸. 8,   ¶·¥¤¸É ¢²¥´  Ô±¸¶¥·¨³¥´É ²Ó´µ ¨§³¥·¥´´ Ö ¢ ´ ¸Éµ-
ÖÐ¥° · ¡µÉ¥ ËÊ´±Í¨Ö ¢µ§¡Ê¦¤¥´¨Ö ¤²Ö ·¥ ±Í¨¨ 4He + 209Bi ¢ ´ ¤¡ ·Ó¥·´µ°
µ¡² ¸É¨ Ô´¥·£¨° ¢ ¸· ¢´¥´¨¨ ¸ ·¥§Ê²ÓÉ É ³¨ ¨¸¸²¥¤µ¢ ´¨° · ¡µÉÒ [2], ¶µ²Ê-
Î¥´´Ò³¨ ¶·¨ Ô´¥·£¨¨ ¢¡²¨§¨ ±Ê²µ´µ¢¸±µ£µ ¡ ·Ó¥· . �  ·¨¸. 8, ¡ ¨ ¢ ¶·¥¤¸É -
¢²¥´Ò  ´ ²µ£¨Î´Ò¥ § ¢¨¸¨³µ¸É¨ ¤²Ö ·¥ ±Í¨° 6He + 209Bi ¨
7Li + 208Pb, ¸µµÉ¢¥É¸É¢¥´´µ, ¢ Ï¨·µ±µ³ ¤¨ ¶ §µ´¥ Ô´¥·£¨¨ ´ ²¥É ÕÐ¨Ì ¨µ-
´µ¢ µÉ ±Ê²µ´µ¢¸±µ£µ ¡ ·Ó¥·  ¤µ 200 ŒÔ‚. ‡ ³¥É¨³, ÎÉµ ¶·¥¤¸É ¢²¥´´Ò¥
ËÊ´±Í¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¤²Ö ¨¸¸²¥¤Ê¥³ÒÌ ·¥ ±Í¨° ¡Ò²¨ ¨§³¥·¥´Ò ¢¶¥·¢Ò¥ ¶·¨
¸Éµ²Ó ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö.

‘· ¢´¨É¥²Ó´Ò°  ´ ²¨§ ËÊ´±Í¨° ¢µ§¡Ê¦¤¥´¨Ö ¤²Ö É·¥Ì ¨¸¸²¥¤µ¢ ´´ÒÌ ·¥-
 ±Í¨° 4,6He + 209Bi ¨ 7Li + 208Pb ¶µ± §Ò¢ ¥É (·¨¸. 9), ÎÉµ ¢ ¶·¥¤¥² Ì Ô±¸¶¥-
·¨³¥´É ²Ó´ÒÌ ¶µ£·¥Ï´µ¸É¥° ÔÉ¨ ËÊ´±Í¨¨ ¨³¥ÕÉ ¡²¨§±¨¥ §´ Î¥´¨Ö ¸¥Î¥´¨°
¤¥²¥´¨Ö ¢ Ï¨·µ±µ³ ¤¨ ¶ §µ´¥ Ô´¥·£¨° ¢µ§¡Ê¦¤¥´¨Ö. �ÉµÉ Ô±¸¶¥·¨³¥´É ²Ó-
´Ò° Ë ±É ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ Éµ³, ÎÉµ ¶·µÍ¥¸¸ ¤¥²¥´¨Ö ¢ ÔÉ¨Ì ·¥ ±Í¨ÖÌ ´µ¸¨É
µ¤¨´ ±µ¢Ò° Ì · ±É¥·, ¡¥§ ¶·µÖ¢²¥´¨Ö µ¸µ¡¥´´µ¸É¥° ¢Ìµ¤´µ£µ ± ´ ² , ¨, ¢¥-
·µÖÉ´µ, µ¶·¥¤¥²Ö¥É¸Ö Éµ²Ó±µ ¸¢µ°¸É¢ ³¨ µ¡· §µ¢ ¢Ï¥£µ¸Ö ¸µ¸É ¢´µ£µ Ö¤·  At.
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�¨¸. 8. �±¸¶¥·¨³¥´É ²Ó´Ò¥ § ¢¨-
¸¨³µ¸É¨ ¸¥Î¥´¨° ¤¥²¥-
´¨Ö 4,6He + Bi ¨ 7Li + 208Pb µÉ
Ô´¥·£¨¨ ´ ²¥É ÕÐ¨Ì ¨µ´µ¢ (¢ ² -
¡µ· Éµ·´µ° ¸¨¸É¥³¥). ‘¨³¢µ² ³¨
¶·¥¤¸É ¢²¥´Ò ¶µ²ÊÎ¥´´Ò¥ Ô±¸¶¥-
·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥,   ¸¶²µÏ-
´Ò³¨ ±·¨¢Ò³¨ ·¥§Ê²ÓÉ ÉÒ · ¸Î¥-
Éµ¢ ¶µ ¶·µ£· ³³¥ PACE-4

�¨¸. 9. �±¸¶¥·¨³¥´É ²Ó´Ò¥ § ¢¨¸¨³µ¸É¨ ¸¥Î¥´¨° ¤¥²¥´¨Ö µÉ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¤²Ö
·¥ ±Í¨° 4,6He + Bi ¨ 7Li + 208Pb

�Ê¦´µ µÉ³¥É¨ÉÓ, ÎÉµ ´¥É É ±¦¥ §´ Î¨É¥²Ó´µ° · §´¨ÍÒ ¢ ¤¥²¥´¨¨ ¢Ò¸µ±µ¢µ§-
¡Ê¦¤¥´´ÒÌ ¸µ¸É ¢´ÒÌ Ö¤¥· 213At ¨ 215At.
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�¨¸. 10. �±¸¶¥·¨³¥´É ²Ó´Ò¥ § ¢¨¸¨³µ¸É¨ ¸¥Î¥´¨° µ¡· §µ¢ ´¨Ö ¨¸¶ ·¨É¥²Ó´ÒÌ µ¸É É-
±µ¢ (xn-± ´ ²µ¢) µÉ Ô´¥·£¨¨ ¡µ³¡ ·¤¨·Ê¥³ÒÌ ¨µ´µ¢ ¤²Ö ·¥ ±Í¨° 4,6He + Bi ¨
7Li + 208Pb. Š·¨¢Ò³¨ ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶·µ-
£· ³³Ò PACE-4

�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶µ ¨§³¥·¥´¨Õ ¸¥Î¥´¨° µ¡· §µ¢ ´¨Ö ¨¸¶ ·¨-
É¥²Ó´ÒÌ µ¸É É±µ¢, ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 10. ’ ±, ´  ·¨¸. 10,   ¶µ± § ´Ò ¨§-
³¥·¥´´Ò¥ ËÊ´±Í¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¤²Ö 1n−6n-± ´ ²µ¢. „ ´´Ò¥ ¤²Ö 1n-± ´ ² 
§ ¨³¸É¢µ¢ ´Ò ¨§ · ¡µÉÒ [3], ¤²Ö ± ´ ²µ¢ 5n−6n ¨§ · ¡µÉÒ [4]. „ ´´Ò¥ ¤²Ö
2n−4n-± ´ ²µ¢ ¨§³¥·¥´Ò ¢ ´ ¸ÉµÖÐ¥° · ¡µÉ¥. �  ·¨¸. 10, ¡ ¶·¥¤¸É ¢²¥´Ò ¶µ-
²ÊÎ¥´´Ò¥ ¤ ´´Ò¥ ¤²Ö 4n−8n-± ´ ²µ¢ ¢ ·¥ ±Í¨¨ 6He + 209Bi. ‚¸¥ ËÊ´±Í¨¨
¢µ§¡Ê¦¤¥´¨Ö ¤²Ö ·¥ ±Í¨¨ 7Li + 208Pb, ¶·¥¤¸É ¢²¥´´Ò¥ ´  ·¨¸. 10, ¢ ¨ 10,£,
¶µ²ÊÎ¥´Ò ¢¶¥·¢Ò¥ ¢ ´ ¸ÉµÖÐ¥° · ¡µÉ¥.

A´ ²¨§ ¨§³¥·¥´´ÒÌ ËÊ´±Í¨° ¢µ§¡Ê¦¤¥´¨Ö ¤¥²¥´¨Ö ¸µ¸É ¢´ÒÌ Ö¤¥· ¨ ¶·µ-
¤Ê±Éµ¢ xn-± ´ ²µ¢ (É. ¥ µ¸É É±µ¢ ¶µ¸²¥ ¨¸¶ ·¥´¨Ö x-´¥°É·µ´µ¢) ¡Ò² ¶·µ¢¥¤¥´
¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ±µ¤  PACE-4 [5]. �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ´  µ¸´µ¢¥ ÔÉµ£µ ±µ¤ 
¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 8 ¨ 10 ¢ ¢¨¤¥ ±·¨¢ÒÌ. ‚¨¤´µ, ÎÉµ Ê¤ ¥É¸Ö ¶µ²ÊÎ¨ÉÓ Ê¤µ¢-
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²¥É¢µ·¨É¥²Ó´µ¥ µ¶¨¸ ´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¤²Ö É·¥Ì ¨¸¸²¥¤Ê¥³ÒÌ
·¥ ±Í¨° ¶·¨ ¡²¨§±µ³ ´ ¡µ·¥ Ë¨É¨·Ê¥³ÒÌ ¶ · ³¥É·µ¢. ‡´ Î¥´¨Ö ÔÉ¨Ì ¶ · -
³¥É·µ¢ ¶·¨¢µ¤ÖÉ¸Ö ¤²Ö ·¥ ±Í¨¨ ¸ 7Li: · ¤¨Ê¸ r0 = 1, 3 Ë³, ³ ±¸¨³ ²Ó´Ò°
Ê£²µ¢µ° ³µ³¥´É lmax = 35 ¨ £²Ê¡¨´  ¶µÉ¥´Í¨ ²  V0 = 67 ŒÔ‚. „²Ö ·¥ ±Í¨¨
6He + 209Bi ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¡²¨§±¨¥ ¶µ §´ Î¥´¨Õ ¶ · ³¥É·Ò r0 = 1, 35 Ë³,
lmax = 40 ¨ V0 = 45 ŒÔ‚. ’ ±¨³ µ¡· §µ³, ¶µ¤É¢¥·¦¤ ¥É¸Ö ¸¤¥² ´´Ò° · -
´¥¥ ¢Ò¢µ¤ µ Éµ³, ÎÉµ ¢ ¨¸¸²¥¤Ê¥³ÒÌ ·¥ ±Í¨ÖÌ 4He + 209Bi, 6He + 209Bi ¨
7Li + 208Pb ¢ ´ ¤¡ ·Ó¥·´µ° µ¡² ¸É¨ Ô´¥·£¨° ¢µ§¡Ê¦¤¥´¨Ö ¶·µ¨¸Ìµ¤¨É µ¡· -
§µ¢ ´¨¥ ¨ · ¸¶ ¤ ¡²¨§±¨Ì ¸µ¸É ¢´ÒÌ ¸¨¸É¥³ 213,215At ¡¥§ ¶·µÖ¢²¥´¨Ö µ¸µ¡¥´-
´µ¸É¥° ¢Ìµ¤´µ£µ ± ´ ² .

�  µ¸´µ¢¥ ¨§³¥·¥´´ÒÌ ËÊ´±Í¨° ¢µ§¡Ê¦¤¥´¨Ö ¤²Ö ¤¥²¥´¨Ö ¨ µ¡· §µ¢ ´¨Ö
¨¸¶ ·¨É¥²Ó´ÒÌ µ¸É É±µ¢ ¡Ò²¨ ¶µ¸É·µ¥´Ò ËÊ´±Í¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¸¥Î¥´¨° ¶µ²-
´µ£µ ¸²¨Ö´¨Ö. �É¨ ·¥§Ê²ÓÉ ÉÒ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 11. �´ ²¨§ ÔÉ¨Ì ËÊ´±Í¨°
¢µ§¡Ê¦¤¥´¨Ö ¡Ò² ¶·µ¢¥¤¥´ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ³µ¤¥²¨ ®¸¢Ö§ ´´ÒÌ ± ´ ²µ¢¯ ¨
CCFULL-±µ¤  [6]. �ÉµÉ ³¥Éµ¤ ¶µ§¢µ²Ö² µÍ¥´¨ÉÓ ¢±² ¤ ¶·µÍ¥¸¸µ¢ · §¢ ²  ´ -
²¥É ÕÐ¨Ì ¨µ´µ¢ ¢ ¶µ²¥ Ö¤·  ³¨Ï¥´¨ ¸ ¢µ§³µ¦´Ò³ ¶µ¸²¥¤ÊÕÐ¨³ ¸²¨Ö´¨¥³.
�¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ¸¥Î¥´¨° ¶µ²´µ£µ ¸²¨Ö´¨Ö ¶µ ÔÉµ° ³µ¤¥²¨ ¢ § ¢¨¸¨³µ¸É¨
µÉ Ô´¥·£¨¨ (¢ ¸. Í. ³.) ¶µ± § ´Ò ´  ·¨¸. 11 ±·¨¢Ò³¨. ‚¨¤´µ, ÎÉµ Ô±¸¶¥·¨-

�¨¸. 11. �±¸¶¥·¨³¥´É ²Ó´Ò¥ § ¢¨-
¸¨³µ¸É¨ ¸¥Î¥´¨° ¶µ²´µ£µ ¸²¨Ö´¨Ö
4,6He + Bi ¨ 7Li + 208Pb µÉ Ô´¥·-
£¨¨ ¢ ¸. Í. ³. Š·¨¢Ò¥ ¶µ²ÊÎ¥´Ò ¸ ¨¸-
¶µ²Ó§µ¢ ´¨¥³ ³µ¤¥²¨ ®¸¢Ö§ ´´ÒÌ ± -
´ ²µ¢¯, ±µ¤ CCFULL
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³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö ¸¥Î¥´¨° ¶µ²´µ£µ ¸²¨Ö´¨Ö ¤²Ö ·¥ ±Í¨° 6He + 209Bi ¨
7Li + 208Pb ¶·¨ Ô´¥·£¨ÖÌ ¢¤ ²¨ µÉ ¡ ·Ó¥·  ¨³¥ÕÉ ³¥´ÓÏ¨¥ §´ Î¥´¨Ö, Î¥³
· ¸Î¥É´Ò¥, ÎÉµ ¸µ¸É ¢²Ö¥É ¶·¨³¥·´µ µ¤¨´ ±µ¢ÊÕ ¢¥²¨Î¨´Ê 78 %. � ¶·¨ §´ -
Î¥´¨ÖÌ Ô´¥·£¨¨ ¢¡²¨§¨ ¡ ·Ó¥·  Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö ¸¥Î¥´¨Ö ¡²¨§±¨
± · ¸Î¥É´Ò³. ‚¥·µÖÉ´µ, ÔÉµÉ Ë ±É ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ Éµ³, ÎÉµ ¶·¨ ¡µ²ÓÏ¨Ì
Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö ³µ¦¥É ¨³¥ÉÓ ³¥¸Éµ ¶·µÍ¥¸¸ · §¢ ²  ¸² ¡µ¸¢Ö§ ´´ÒÌ
Ö¤¥· 6He ¨ 7Li, ± ± Ê± §Ò¢ ²µ¸Ó ¢ÒÏ¥. ‚µ§³µ¦´Ò³ µ¡ÑÖ¸´¥´¨¥³ ³µ£ÊÉ ¡ÒÉÓ
µ¤¨´ ±µ¢Ò¥ ¶·µÍ¥¸¸Ò · §¢ ² , ¨³¥ÕÐ¨¥ ³¥¸Éµ ± ± ¢ ¸²ÊÎ ¥ ¢§ ¨³µ¤¥°¸É¢¨Ö
¸ Ö¤· ³¨ ¶ÊÎ±  4He, É ± ¨ ¢ ¸²ÊÎ ¥ ¸² ¡µ¸¢Ö§ ´´ÒÌ Ö¤¥·, ± ±µ¢Ò³¨ Ö¢²Ö-
ÕÉ¸Ö 6He ¨ 7Li. ‘ÊÐ¥¸É¢ÊÕÉ ³µ¤¥²¨, ´  µ¸´µ¢ ´¨¨ ±µÉµ·ÒÌ ÔÉ¨ Ö¤·  ³µ¦´µ
¶·¥¤¸É ¢¨ÉÓ ± ± ¸¢Ö§ ´´Ò¥ ¸¨¸É¥³Ò ¨§ ®±µ· ¯ (4He) ¨ ¤¢ÊÌ ´¥°É·µ´µ¢ ¨²¨
É·¨Éµ´  ¸µµÉ¢¥É¸É¢¥´´µ. ‚¨¤¨³µ, ¨³¥¥É ³¥¸Éµ ¶·µÍ¥¸¸ · §¢ ²  ´ ²¥É ÕÐ¨Ì
¨µ´µ¢ ¢ ¶µ²¥ Ö¤·  ³¨Ï¥´¨ ¸ ¶µ¸²¥¤ÊÕÐ¨³ ¸²¨Ö´¨¥³ ±µ·  ¸ Ö¤· ³¨ ³¨Ï¥´¨
¨ ¤¥²¥´¨¥³ ¶µ²ÊÎ¥´´µ£µ ¸µ¸É ¢´µ£µ Ö¤· . Š ± ¶µ± §Ò¢ ÕÉ ²¨É¥· ÉÊ·´Ò¥ ¤ ´-
´Ò¥, ¢±² ¤Ò ¶·µÍ¥¸¸µ¢ ¤¥²¥´¨Ö Ö¤¥· Bi ´¥°É·µ´ ³¨ [7] ¨²¨ Pb É·¨Éµ´ ³¨ [8]
³ ²Ò, ¨§³¥·¥´´Ò¥ ¸¥Î¥´¨Ö ÔÉ¨Ì ·¥ ±Í¨° ´ Ìµ¤ÖÉ¸Ö ´  Ê·µ¢´¥ ³±¡.

„²Ö ¨¸±²ÕÎ¥´¨Ö ¢²¨Ö´¨Ö ±Ê²µ´µ¢¸±µ£µ ¡ ·Ó¥·  ´  ¶·µÍ¥¸¸ ¸²¨Ö´¨Ö ËÊ´±-
Í¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¡Ò²¨ ¶µ¸É·µ¥´Ò ¢ § ¢¨¸¨³µ¸É¨ µÉ ¢¥²¨Î¨´Ò E¸³/V‚, £¤¥
E¸³ Å §´ Î¥´¨Ö Ô´¥·£¨¨ ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸,   V‚ Å ±Ê²µ´µ¢¸±¨° ¡ ·Ó¥·
¤²Ö ± ¦¤µ° ¸¨¸É¥³Ò. �É¨ ËÊ´±Í¨¨ ¤ ´Ò ¤²Ö ¸· ´¥´¨Ö ´  ·¨¸. 12. ˆ§ ·¨¸Ê´± 

�¨¸. 12. ”Ê´±Í¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¤²Ö ¶µ²´µ£µ ¸²¨Ö´¨Ö ¢ § ¢¨¸¨³µ¸É¨ µÉ ¢¥²¨Î¨´Ò
E¸³/V‚ ¤²Ö ·¥ ±Í¨° 4,6He + 209Bi ¨ 7Li + 208Pb
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¢¨¤´µ, ÎÉµ ¢ ¶·¥¤¥² Ì Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¶µ£·¥Ï´µ¸É¥° ËÊ´±Í¨¨ ¢µ§¡Ê¦¤¥-
´¨Ö ¤²Ö ¢¸¥Ì É·¥Ì ·¥ ±Í¨° µ¤¨´ ±µ¢Ò ¢ Ï¨·µ±µ³ ¤¨ ¶ §µ´¥ §´ Î¥´¨° E¸³/V‚.

‚ § ±²ÕÎ¥´¨¥ ³µ¦´µ µÉ³¥É¨ÉÓ ¸²¥¤ÊÕÐ¥¥.
�·µ¢¥¤¥´Ò ¨§³¥·¥´¨Ö ¸¥Î¥´¨° ¤¥²¥´¨Ö ¨ ¸¥Î¥´¨° µ¡· §µ¢ ´¨Ö ¨¸¶ ·¨-

É¥²Ó´ÒÌ µ¸É É±µ¢ 3n−9n ¢ ·¥ ±Í¨ÖÌ ¢§ ¨³µ¤¥°¸É¢¨Ö Ö¤¥· 7Li ¸ Ö¤· ³¨ ³¨-
Ï¥´¨ 208Pb ¶·¨ Ô´¥·£¨ÖÌ 7Li 50Ä117 ŒÔ‚;

�·µ¢¥¤¥´Ò ¨§³¥·¥´¨Ö ¸¥Î¥´¨° ¤¥²¥´¨Ö ¨ ¸¥Î¥´¨° µ¡· §µ¢ ´¨Ö ¨¸¶ ·¨-
É¥²Ó´ÒÌ µ¸É É±µ¢ 3n−9n ¢ ·¥ ±Í¨ÖÌ ¢§ ¨³µ¤¥°¸É¢¨Ö 6He ¸ 209Bi ¶·¨ Ô´¥·£¨ÖÌ
6He 50Ä140 ŒÔ‚;

ˆ§³¥·¥´Ò ¸¥Î¥´¨Ö ¤¥²¥´¨Ö ¨ 2n−3n ¨¸¶ ·¨É¥²Ó´ÒÌ ± ´ ²µ¢ ¢ ·¥ ±-
Í¨¨ 4He ¸ Ö¤· ³¨ ³¨Ï¥´¨ ¨§ 209Bi ¶·¨ Ô´¥·£¨ÖÌ 4He ¢ ¤¨ ¶ §µ´¥ 20Ä
110 ŒÔ‚. �µ± § ´µ, ÎÉµ ¢ ¶·¥¤¥² Ì Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¶µ£·¥Ï´µ¸É¥° ËÊ´±-
Í¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¤¥²¥´¨Ö ¨ ¶µ²´µ£µ ¸²¨Ö´¨Ö ¤²Ö É·¥Ì ¨¸¸²¥¤µ¢ ´´ÒÌ ·¥ ±Í¨°
4He + 209Bi, 6He + 209Bi ¨ 7Li + 208Pb ¨³¥ÕÉ ¡²¨§±¨¥ §´ Î¥´¨Ö ¢ Ï¨·µ±µ³
¤¨ ¶ §µ´¥ Ô´¥·£¨° ¢µ§¡Ê¦¤¥´¨Ö.

‘ ÉµÎ±¨ §·¥´¨Ö ³¥Ì ´¨§³  Ö¤¥·´ÒÌ ·¥ ±Í¨° (µ¡· §µ¢ ´¨Ö ¸µ¸É ¢´µ£µ Ö¤· 
¨ ¶·µÍ¥¸¸µ¢ · §¢ ² ), ¢Ò§¢ ´´ÒÌ ¸² ¡µ¸¢Ö§ ´´Ò³¨ Ö¤· ³¨, ¶·µ¢¥¤¥´  ´ ²¨§
Ô±¸¶¥·¨³¥´É ²Ó´µ ¨§³¥·¥´´ÒÌ ËÊ´±Í¨° ¢µ§¡Ê¦¤¥´¨Ö ¸²¨Ö´¨Ö ¨ ¤¥²¥´¨Ö ¤²Ö
¨¸¸²¥¤Ê¥³ÒÌ ·¥ ±Í¨° 4He + 209Bi, 6He + 209Bi ¨ 7Li + 208Pb. �²¨§±¨¥ §´ -
Î¥´¨Ö ¸¥Î¥´¨° ÔÉ¨Ì ¶·µÍ¥¸¸µ¢ ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ µ Éµ³, ÎÉµ ¢ ¨¸¸²¥¤Ê¥³ÒÌ ·¥-
 ±Í¨ÖÌ ¶·µ¨¸Ìµ¤¨É µ¡· §µ¢ ´¨¥ ¶· ±É¨Î¥¸±¨ µ¤¨´ ±µ¢ÒÌ ¸µ¸É ¢´ÒÌ ¸¨¸É¥³
213,215At ¡¥§ ¶·µÖ¢²¥´¨Ö µ¸µ¡¥´´µ¸É¥° ¢Ìµ¤´ÒÌ ± ´ ²µ¢.

� ¡µÉ  ¢Ò¶µ²´¥´  ¶·¨ Ë¨´ ´¸µ¢µ° ¶µ¤¤¥·¦±¥ �””ˆ (01-02-22001),
INTAS (00-00463),   É ±¦¥ £· ´É ³¨ �µ²´µ³µÎ´ÒÌ ¶·¥¤¸É ¢¨É¥²¥° �µ²£ -
·¨¨ ¨ —¥Ì¨¨ ¢ �ˆŸˆ.
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