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”Ê´±Í¨¨ ¢μ§¡Ê¦¤¥´¨Ö ·¥ ±Í¨° ¶μ²´μ£μ ¸²¨Ö´¨Ö
¨ ·¥ ±Í¨° ¶¥·¥¤ Î¨ ¶·¨ ¢§ ¨³μ¤¥°¸É¢¨¨ 4He ¸ Ö¤· ³¨ 197Au

ˆ§³¥·¥´Ò ËÊ´±Í¨¨ ¢μ§¡Ê¦¤¥´¨Ö ·¥ ±Í¨° ¸²¨Ö´¨Ö ¸ ¨¸¶ ·¥´¨¥³ ´¥°É·μ-
´μ¢ 197Au(4He,xn)201−xnTl (0 � x � 3) ¶·¨ ¢§ ¨³μ¤¥°¸É¢¨¨ α-Î ¸É¨Í ¸ Ö¤· ³¨
§μ²μÉ  ¢ ¤¨ ¶ §μ´¥ Ô´¥·£¨° 14Ä36 ŒÔ‚. „²Ö ·¥£¨¸É· Í¨¨ ¨ ¢Ò¤¥²¥´¨Ö ¶·μ¤Ê±-
Éμ¢ ·¥ ±Í¨° ¨¸¶μ²Ó§μ¢ ²¸Ö ³¥Éμ¤ ´ ¢¥¤¥´´μ°  ±É¨¢´μ¸É¨. �±¸¶¥·¨³¥´É ²Ó´Ò¥
¤ ´´Ò¥ ¤²Ö ·¥ ±Í¨° ¸²¨Ö´¨Ö ¸ ¶μ¸²¥¤ÊÕÐ¨³ ¨¸¶ ·¥´¨¥³ μÉ μ¤´μ£μ ¤μ É·¥Ì
´¥°É·μ´μ¢ ¸μ£² ¸ÊÕÉ¸Ö ¸ ·¥§Ê²ÓÉ É ³¨ μ¶Ê¡²¨±μ¢ ´´ÒÌ · ¡μÉ. „²Ö ·¥ ±Í¨¨
· ¤¨ Í¨μ´´μ£μ § Ì¢ É  197Au(4He, γ)201Tl ¢¥·Ì´ÖÖ £· ´¨Í  ¸¥Î¥´¨Ö μ± § ² ¸Ó
¸ÊÐ¥¸É¢¥´´μ ´¨¦¥. ”Ê´±Í¨¨ ¢μ§¡Ê¦¤¥´¨Ö ¨§³¥·¥´´ÒÌ ·¥ ±Í¨° ¸· ¢´¨¢ ÕÉ¸Ö ¸
· ¸Î¥É ³¨ ¸É É¨¸É¨Î¥¸±μ° ³μ¤¥²¨ ¨ ·¥§Ê²ÓÉ É ³¨ · ´¥¥ ¶·μ¢¥¤¥´´μ£μ ´  ¶ÊÎ±¥
6He Ô±¸¶¥·¨³¥´É .

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¨³. ƒ. �.”²¥·μ¢  	ˆŸˆ.
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Excitation Functions for Complete Fusion and Transfer Reactions
in the Interaction of 4He Nuclei with 197Au

Excitation functions have been measured for the fusion reaction
197Au(4He,xn)201−xnTl with the evaporation of x neutrons (0 � x � 3) in the
energy range 14Ä36 MeV. The induced-activation method was used for registration
and identiˇcation of the reaction products. The experimental cross sections for the
(1Ä3)-neutron evaporation residues are in good agreement with the results known
from literature. For the radiation capture reaction 197Au(4He, γ)201Tl, the upper
limit was obtained to be essentially lower. The excitation functions for the measured
reactions are compared with calculations in the framework of the statistical model as
well as with formerly measured similar data with a 6He beam.

The investigation has been performed at the Flerov Laboratory of Nuclear Reac-
tions, JINR.

Preprint of the Joint Institute for Nuclear Research. Dubna, 2006



‚‚…„…�ˆ…

‚ ¶μ¸²¥¤´¨¥ £μ¤Ò ¡μ²ÓÏμ° ¨´É¥·¥¸ ¶·μÖ¢²Ö¥É¸Ö ± ¨¸¸²¥¤μ¢ ´¨Õ Ö¤¥·´ÒÌ
·¥ ±Í¨° ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶ÊÎ±μ¢ · ¤¨μ ±É¨¢´ÒÌ Ö¤¥· 6He ¨ 8He. ‘É·Ê±-
ÉÊ·  ÔÉ¨Ì ´¥°É·μ´´μ-¨§¡ÒÉμÎ´ÒÌ Ö¤¥·,   É ±¦¥ ¢²¨Ö´¨¥ ¢ ²¥´É´ÒÌ ´¥°É·μ-
´μ¢ ´  ¢ÒÌμ¤Ò · §²¨Î´ÒÌ ± ´ ²μ¢ ·¥ ±Í¨° ¶·¨ Ô´¥·£¨ÖÌ ¢¡²¨§¨ ±Ê²μ´μ¢-
¸±μ£μ ¡ ·Ó¥·  Ö¢²Ö¥É¸Ö μ¸´μ¢´Ò³ ¶·¥¤³¥Éμ³ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨¸¸²¥¤μ¢ -
´¨°. �·¥¤¸É ¢²¥´¨¥ μ ¸ÊÐ¥¸É¢μ¢ ´¨¨ ¢ Ö¤· Ì 6He ¨ 8He ®±μ· ¯ ¢ ¢¨¤¥ Ö¤· 
4He, μ±·Ê¦¥´´μ£μ ¤¢Ê³Ö ¨²¨ Î¥ÉÒ·Ó³Ö ¢ ²¥´É´Ò³¨ ´¥°É·μ´ ³¨, ¶μ§¢μ²¨²μ
μ¡ÑÖ¸´¨ÉÓ ·Ö¤ Ô±¸¶¥·¨³¥´É ²Ó´μ μ¡´ ·Ê¦¥´´ÒÌ μ¸μ¡¥´´μ¸É¥° ¢§ ¨³μ¤¥°¸É-
¢¨Ö ÔÉ¨Ì Ö¤¥·: Ê¸¨²¥´¨¥ ¶μ¤¡ ·Ó¥·´μ£μ ¸²¨Ö´¨Ö, ¡μ²ÓÏμ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨°
¶¥·¥¤ Î¨, Ê§±μ¥ ¨³¶Ê²Ó¸´μ¥ · ¸¶·¥¤¥²¥´¨¥ ¶·μ¤Ê±Éμ¢ · §¢ ²  ÔÉ¨Ì Ö¤¥· ¨
¤·. ˆ§ ¸· ¢´¥´¨Ö Ì · ±É¥·¨¸É¨± Ö¤¥·´ÒÌ ·¥ ±Í¨° ´  ¶ÊÎ± Ì 4He, 6He ¨ 8He
³μ¦´μ ¸¤¥² ÉÓ ¢Ò¢μ¤Ò μ¡ μ¸μ¡¥´´μ¸ÉÖÌ ¢§ ¨³μ¤¥°¸É¢¨Ö Ö¤¥· ¸ ´¥°É·μ´´μ°
®ÏÊ¡μ°¯. …¸É¥¸É¢¥´´μ, ÎÉμ μ¸μ¡¥´´μ¸É¨ ¶μ¢¥¤¥´¨Ö ËÊ´±Í¨° ¢μ§¡Ê¦¤¥´¨Ö · §-
²¨Î´ÒÌ ± ´ ²μ¢ ¢§ ¨³μ¤¥°¸É¢¨Ö ´ ¨¡μ²¥¥ μÉÎ¥É²¨¢μ ¶·μÖ¢²ÖÕÉ¸Ö ¶·¨ Ô´¥·-
£¨ÖÌ ¡μ³¡ ·¤¨·ÊÕÐ¨Ì Î ¸É¨Í ¢¡²¨§¨ ±Ê²μ´μ¢¸±μ£μ ¡ ·Ó¥· . 	¦¨¤ ¥É¸Ö, ÎÉμ
¸¢μ°¸É¢  É ±¨Ì ¸² ¡μ¸¢Ö§ ´´ÒÌ Ö¤¥·, ± ± 6He ¨ 8He, ¤μ²¦´Ò ¸¨²Ó´¥¥ ¢²¨ÖÉÓ
´  ¸¥Î¥´¨Ö ·¥ ±Í¨° ¶μ²´μ£μ ¸²¨Ö´¨Ö ¨ ¶¥·¥¤ Î¨ ´¥°É·μ´μ¢ ¢ ¶μ¤¡ ·Ó¥·´μ°
μ¡² ¸É¨ Ô´¥·£¨°.

ˆ¸¸²¥¤μ¢ ´¨Õ ·¥ ±Í¨° ´  ¶ÊÎ± Ì 4He ¶μ¸¢ÖÐ¥´μ ¡μ²ÓÏμ¥ ±μ²¨Î¥¸É¢μ
· ¡μÉ, ¢ ±μÉμ·ÒÌ ¨§³¥·Ö²¨¸Ó ËÊ´±Í¨¨ ¢μ§¡Ê¦¤¥´¨Ö ·¥ ±Í¨° ¶μ²´μ£μ ¸²¨Ö-
´¨Ö 4He ¸ Ö¤· ³¨ 197Au ¸ ¶μ¸²¥¤ÊÕÐ¨³ ¨¸¶ ·¥´¨¥³ x ´¥°É·μ´μ¢ (0 � x � 8)
[1Ä7]. ‚ Í¥²μ³ ËÊ´±Í¨¨ ¢μ§¡Ê¦¤¥´¨Ö ·¥ ±Í¨° ¸ ¨¸¶Ê¸± ´¨¥³ ´¥°É·μ´μ¢ ¨§
¸μ¸É ¢´μ£μ Ö¤·  Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ ¸μ£² ¸ÊÕÉ¸Ö ¸ · ¸Î¥É ³¨ ¶μ ¸É É¨¸É¨Î¥-
¸±μ° ³μ¤¥²¨. 	¤´ ±μ ·¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¢ μ±μ²μ¡ ·Ó¥·´μ° μ¡² ¸É¨ Ô´¥·-
£¨°, ¨³¥ÕÉ ¶·μÉ¨¢μ·¥Î¨¢Ò° Ì · ±É¥·. 	¸μ¡¥´´μ ¢¥²¨± · §¡·μ¸ Ô±¸¶¥·¨³¥´-
É ²Ó´ÒÌ ¤ ´´ÒÌ ¤²Ö ± ´ ²  · ¤¨ Í¨μ´´μ£μ § Ì¢ É  α-Î ¸É¨Í,
197Au(4He,γ)201Tl. �¢Éμ·Ò · ¡μÉÒ [6] ¶μ²ÊÎ¨²¨ ¸¥Î¥´¨¥ ¤²Ö ÔÉμ° ·¥ ±Í¨¨ ¢
³ ±¸¨³Ê³¥ ËÊ´±Í¨¨ ¢μ§¡Ê¦¤¥´¨Ö μ±μ²μ 10 ³¡ ¨ ¸¤¥² ²¨ ¢Ò¢μ¤Ò μ¡ μ¸μ¡μ³
³¥Ì ´¨§³¥ ·¥ ±Í¨¨ · ¤¨ Í¨μ´´μ£μ § Ì¢ É  4He. ‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ¢ · ¡μÉ¥
[7], ¢Ò¶μ²´¥´´μ° ¸ ¡μ²¥¥ ¢Ò¸μ±μ° ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓÕ, ¶·¨ Ô´¥·£¨¨ α-Î ¸É¨Í
¢¡²¨§¨ ±Ê²μ´μ¢¸±μ£μ ¡ ·Ó¥·  ¤²Ö ¢ÒÌμ¤  ·¥ ±Í¨¨ 197Au(4He,γ)201Tl ¡Ò²  ¶μ-
²ÊÎ¥´  Éμ²Ó±μ ¢¥·Ì´ÖÖ £· ´¨Í  ¸¥Î¥´¨Ö, ±μÉμ· Ö ¸μ¸É ¢¨²  ¢¥²¨Î¨´Ê ∼ 0,1 ³¡.
C ÊÎ¥Éμ³ Éμ£μ, ÎÉμ ¶·¨ ¨¸¸²¥¤μ¢ ´¨¨ ·¥ ±Í¨¨ 197Au(6He, 2n)201Tl ´ ¡²Õ¤ -
²μ¸Ó Ê¢¥²¨Î¥´¨¥ ¸¥Î¥´¨Ö ¢ ¶μ¤¡ ·Ó¥·´μ° μ¡² ¸É¨, ¤ ´´Ò¥ ¶μ · ¤¨ Í¨μ´´μ³Ê
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§ Ì¢ ÉÊ 4He ¶·¥¤¸É ¢²ÖÕÉ ¨´É¥·¥¸ ¤²Ö ¶μ´¨³ ´¨Ö ³¥Ì ´¨§³  ¢§ ¨³μ¤¥°¸É¢¨Ö
Ö¤¥· 6He ¸ 197Au. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ´ ³¨ ¡Ò²¨ ¶·μ¢¥¤¥´Ò ¨§³¥·¥´¨Ö ËÊ´±Í¨°
¢μ§¡Ê¦¤¥´¨Ö ·¥ ±Í¨° 197Au(4He,xn)201−xnTl (0 � x � 3). „²Ö ¶μ²ÊÎ¥´¨Ö
¡μ²¥¥ ÉμÎ´ÒÌ ·¥§Ê²ÓÉ Éμ¢ Ô±¸¶¥·¨³¥´ÉÒ ¡Ò²¨ ¢Ò¶μ²´¥´Ò ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³
¨´É¥´¸¨¢´μ£μ ¶ÊÎ±  α-Î ¸É¨Í (∼ 1012 Î ¸É./¸) ¨ ¢Ò¸μ±μÎÊ¢¸É¢¨É¥²Ó´μ° ·¥£¨-
¸É·¨·ÊÕÐ¥°  ¶¶ · ÉÊ·Ò.

��‘’���‚Š� �Š‘�…�ˆŒ…�’� ˆ �…‡“‹œ’�’› ˆ‡Œ…�…�ˆ‰

�±¸¶¥·¨³¥´É ¶·μ¢μ¤¨²¸Ö ´  ¢Ò¢¥¤¥´´μ³ ¶ÊÎ±¥ Í¨±²μÉ·μ´  “-200 (‹Ÿ�
	ˆŸˆ). �´¥·£¨Ö α-Î ¸É¨Í ¸μ¸É ¢²Ö²  36 ŒÔ‚. ‚ ± Î¥¸É¢¥ ³¨Ï¥´¨ ¨¸¶μ²Ó§μ-
¢ ² ¸Ó ¸Éμ¶±  ¨§ 11 §μ²μÉÒÌ Ëμ²Ó£ μ¤¨´ ±μ¢μ° Éμ²Ð¨´Ò (13,5 ³±³ ± ¦¤ Ö).
‡´ Î¥´¨Ö Ô´¥·£¥É¨Î¥¸±¨Ì ¶μÉ¥·Ó ¤²Ö α-Î ¸É¨Í ¶μ ³¥·¥ ¶·μÌμ¦¤¥´¨Ö ¸Éμ¶±¨
¨ ¸·¥¤´¥¥ §´ Î¥´¨¥ Ô´¥·£¨¨ ¢ ± ¦¤μ° Ëμ²Ó£¥ ¡Ò²¨ · ¸¸Î¨É ´Ò ¸ ¶μ³μÐÓÕ
¶·μ£· ³³Ò LISE [8], ¨¸¶μ²Ó§ÊÕÐ¥° ¨§¢¥¸É´Ò¥ ¤ ´´Ò¥ ¶μ Ô´¥·£¥É¨Î¥¸±¨³ ¶μ-
É¥·Ö³ ¢ ¸·¥¤ Ì [9]. ‡μ²μÉÒ¥ Ëμ²Ó£¨ μ¡²ÊÎ ²¨¸Ó ¶·¨ ¸·¥¤´¥° ¨´É¥´¸¨¢´μ¸É¨
¶ÊÎ±  α-Î ¸É¨Í 0,5 p³±A ¢ É¥Î¥´¨¥ 5 Î. ˆ¤¥´É¨Ë¨± Í¨Ö · ¤¨μ ±É¨¢´ÒÌ
¶·μ¤Ê±Éμ¢ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶·μ¢μ¤¨² ¸Ó ¶μ Ì · ±É¥·´Ò³ ²¨´¨Ö³ γ-¶¥·¥Ìμ¤μ¢,
  É ±¦¥ ¶¥·¨μ¤ ³ ¶μ²Ê· ¸¶ ¤  ¨§μÉμ¶μ¢ Tl (¤²Ö ·¥ ±Í¨¨ ¶μ²´μ£μ ¸²¨Ö´¨Ö
¨ ¨¸¶ ·¥´¨Ö) ¨ ¨§μÉμ¶μ¢ Au (¤²Ö ·¥ ±Í¨° ¶¥·¥¤ Î¨). ‚ É ¡²¨Í¥ ¶·¨¢¥¤¥´Ò
§´ Î¥´¨Ö Ô´¥·£¨° ¨ ¨´É¥´¸¨¢´μ¸É¨ γ-¶¥·¥Ìμ¤μ¢,   É ±¦¥ ¶¥·¨μ¤Ò ¶μ²Ê· ¸¶ -
¤μ¢ ¨§μÉμ¶μ¢ Tl ¨ Au, ¨¸¶μ²Ó§μ¢ ¢Ï¨¥¸Ö ¤²Ö ¨¤¥´É¨Ë¨± Í¨¨ ¨ μ¶·¥¤¥²¥´¨Ö
¢ÒÌμ¤μ¢ ¶·μ¤Ê±Éμ¢ ·¥ ±Í¨°.

�μ¸²¥ μ±μ´Î ´¨Ö μ¡²ÊÎ¥´¨Ö ¡Ò²¨ ¶·μ¢¥¤¥´Ò ¨§³¥·¥´¨Ö ´ ¢¥¤¥´´μ°  ±-
É¨¢´μ¸É¨ ¢ ± ¦¤μ° ¨§ μ¡²ÊÎ¥´´ÒÌ Ëμ²Ó£. „²Ö ¨§³¥·¥´¨° ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¤¢ 
HPGe-¤¥É¥±Éμ·  ¸ Ô´¥·£¥É¨Î¥¸±¨³ · §·¥Ï¥´¨¥³ ∼ 1,2 ±Ô‚ ¨ ÔËË¥±É¨¢´μ¸ÉÓÕ
·¥£¨¸É· Í¨¨ 0,024 ¤²Ö Eγ = 1332 ±Ô‚. �  ·¨¸. 1 ¶·¥¤¸É ¢²¥´ Ì · ±É¥·´Ò°
γ-¸¶¥±É·, ¶μ²ÊÎ¥´´Ò° ¶·¨ ¨§³¥·¥´¨¨ ´ ¢¥¤¥´´μ°  ±É¨¢´μ¸É¨ ¢ μ¤´μ° ¨§
Ëμ²Ó£ ³¨Ï¥´¨.

� ¸Î¥É ¸¥Î¥´¨° μ¡· §μ¢ ´¨Ö ¶·μ¤Ê±Éμ¢ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¶·μ¢μ¤¨²¸Ö ¶μ
Ëμ·³Ê²¥

σ =
Sλ

IN ÉεIγ(1 − e−λt1) e−λt2(1 − e−λt3)
,

£¤¥ S Å ¶²μÐ ¤Ó ¶μ¤ ¶¨±μ³, ¶·¥¤¸É ¢²ÖÕÐ Ö ¶μ²´μ¥ Î¨¸²μ γ-±¢ ´Éμ¢ μÉ
· ¸¶ ¤  · ¤¨μ ±É¨¢´μ£μ ¶·μ¤Ê±É  ·¥ ±Í¨¨; λ Å ¶μ¸ÉμÖ´´ Ö · ¤¨μ ±É¨¢´μ£μ
· ¸¶ ¤ ; I Å ¨´É¥´¸¨¢´μ¸ÉÓ ¶ ¤ ÕÐ¥£μ ¶μÉμ±  α-Î ¸É¨Í (Î ¸É./¸); N É Å
Î¨¸²μ  Éμ³μ¢ ³¨Ï¥´¨ ( É./¸³2); ε Å ÔËË¥±É¨¢´μ¸ÉÓ ·¥£¨¸É· Í¨¨ γ-±¢ ´Éμ¢;
Iγ Å ¨´É¥´¸¨¢´μ¸ÉÓ ¨§³¥·Ö¥³μ£μ γ-¶¥·¥Ìμ¤  (%); t1 Å ¢·¥³Ö μ¡²ÊÎ¥´¨Ö
μ¡· §Í ; t2 Å ¢·¥³Ö, ¶·μÏ¥¤Ï¥¥ ¸ ±μ´Í  μ¡²ÊÎ¥´¨Ö μ¡· §Í  ¤μ ´ Î ²  ¨§³¥-
·¥´¨Ö; t3 Å ¢·¥³Ö ¨§³¥·¥´¨Ö μ¡· §Í .
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• · ±É¥·¨¸É¨±¨ μ¡· §ÊÕÐ¨Ì¸Ö ¨§μÉμ¶μ¢

’¨¶ ·¥ ±Í¨¨ Ÿ¤·μ-μ¸É Éμ± T1/2 Eγ , ±Ô‚ Iγ , %

197Au(4He, γ) 201Tl 72,91 Î 135,34 2,565
167,43 10

197Au(4He, n) 200Tl 26,10 Î 367,9 87
579,3 13,8

1205,72 29,9

197Au(4He, 2n) 199Tl 7,42 Î 158,38 4,96
208,2 12,3
247,26 9,3
455,46 12,4

197Au(4He, 3n) 198gTl 5,3 Î 675,9 11
198mTl 1,87 Î 587,2 52

197Au(4He, αn) 196gAu 6,183 ¸ÊÉ 332,983 22,9
355,684 87
426,0 7

196mAu 9,6 Î 147,81 43
168,37 7,6
188,27 37,4

197Au(4He, 2pn) 198gAu 2,69 ¸ÊÉ 411,8 96
198mAu 2,27 ¸ÊÉ 180,31 50

204,10 40,8
214,84 77

�  ·¨¸. 2 ¨ 3 ¶·¨¢¥¤¥´Ò ËÊ´±Í¨¨ ¢μ§¡Ê¦¤¥´¨Ö ·¥ ±Í¨° ¶μ²´μ£μ ¸²¨Ö´¨Ö
¸ μ¡· §μ¢ ´¨¥³ ¸μ¸É ¢´μ£μ Ö¤·  201Tl ¨ ¶μ¸²¥¤ÊÕÐ¨³ ¨¸¶ ·¥´¨¥³ x ´¥°É·μ-
´μ¢. ‚ ¨¸¸²¥¤Ê¥³μ³ ¤¨ ¶ §μ´¥ Ô´¥·£¨° ¶ ¤ ÕÐ¨Ì α-Î ¸É¨Í Î¨¸²μ ¢Ò²¥É¥¢Ï¨Ì
´¥°É·μ´μ¢ ³¥´Ö²μ¸Ó μÉ ´Ê²Ö ¤μ É·¥Ì. �  É¥Ì ¦¥ ·¨¸Ê´± Ì ¶·¨¢μ¤ÖÉ¸Ö ·¥§Ê²Ó-
É ÉÒ ¨§³¥·¥´¨° ¸¥Î¥´¨° μ¡· §μ¢ ´¨Ö ¨§μÉμ¶μ¢ 201,200,199,198Tl, ¶μ²ÊÎ¥´´Ò¥
· ´¥¥ ¢ ¤·Ê£¨Ì · ¡μÉ Ì. �¥μ¡Ìμ¤¨³μ μÉ³¥É¨ÉÓ, ÎÉμ ·¥§Ê²ÓÉ ÉÒ · ´¥¥ ¶·μ¢¥-
¤¥´´ÒÌ ¨§³¥·¥´¨° [1Ä7] Ìμ·μÏμ ¸μ£² ¸ÊÕÉ¸Ö ³¥¦¤Ê ¸μ¡μ°, ¶μÔÉμ³Ê ´  ·¨¸. 2
¶μ± § ´Ò ¢Ò¡μ·μÎ´μ Éμ²Ó±μ ¤ ´´Ò¥ ¨§ · ¡μÉ [1] ¨ [2].

ˆ§ ·¨¸. 2 ¢¨¤´μ, ÎÉμ ¶μ²ÊÎ¥´´Ò¥ ¢ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¤ ´´Ò¥ ¶μ ¸¥Î¥´¨Ö³
μ¡· §μ¢ ´¨Ö ¶·μ¤Ê±Éμ¢ ·¥ ±Í¨° ¨¸¶ ·¥´¨Ö μ¤´μ£μ, ¤¢ÊÌ ¨ É·¥Ì ´¥°É·μ´μ¢
´ Ìμ¤ÖÉ¸Ö ¢ Ìμ·μÏ¥³ ¸μ£² ¸¨¨ ¸ · ´¥¥ μ¶Ê¡²¨±μ¢ ´´Ò³¨ ·¥§Ê²ÓÉ É ³¨.

�  ·¨¸. 3 ¶·¥¤¸É ¢²¥´Ò ¶μ²ÊÎ¥´´Ò¥ ´ ³¨ ·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° ¸¥Î¥´¨Ö
·¥ ±Í¨¨ · ¤¨ Í¨μ´´μ£μ § Ì¢ É  197Au(4He,γ)201Tl ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´-
´Ò¥ · ´¥¥ μ¶Ê¡²¨±μ¢ ´´ÒÌ · ¡μÉ [6, 7].
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�¨¸. 1. γ-¸¶¥±É·, ¶μ²ÊÎ¥´´Ò° ¶·¨ μ¡²ÊÎ¥´¨¨ α-Î ¸É¨Í ³¨ §μ²μÉμ° Ëμ²Ó£¨, ¨§³¥·¥´-
´Ò° Î¥·¥§ 180 Î ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö, ¢·¥³Ö ¨§³¥·¥´¨Ö 5 Î

�¨¸. 2. ”Ê´±Í¨¨ ¢μ§¡Ê¦¤¥´¨Ö ·¥ ±Í¨° 197Au+ 4He→ 201−xnTl (1 � x � 3). � Å
1n, � Å 2n, � Å 3n Å ¤ ´´Ò¥ ´ ¸ÉμÖÐ¥° · ¡μÉÒ; � Å 1n, � Å 2n, � Å 3n Å
¤ ´´Ò¥ [1]; �× Å 1n, �× Å 2n, � Å 3n Å ¤ ´´Ò¥ [2]; BC Å ±Ê²μ´μ¢¸±¨° ¡ ·Ó¥·
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�¨¸. 3. �¥ ±Í¨Ö 197Au(4He,γ)201Tl (� Å
¤ ´´Ò¥ ´ ¸ÉμÖÐ¥° · ¡μÉÒ, � Å [6] ¨
	 Å [7])

Š ± ¢¨¤´μ, ¢¥·Ì´ÖÖ £· ´¨Í  ¸¥-
Î¥´¨Ö μ¡· §μ¢ ´¨Ö 201Tl, ¶μ²ÊÎ¥´-
´ Ö ¢ ´ ¸ÉμÖÐ¥° · ¡μÉ¥, μ± § ² ¸Ó
§´ Î¨É¥²Ó´μ ´¨¦¥ (¡μ²¥¥ Î¥³ ´  ¶μ-
·Ö¤μ±) · ´¥¥ μ¶Ê¡²¨±μ¢ ´´ÒÌ Ô±¸-
¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ [6, 7].

�  ·¨¸. 4 ¨ 5 ¶·¨¢¥¤¥´Ò ¸¥Î¥´¨Ö ·¥ ±Í¨° ¸·Ò¢  ¨ ¶μ¤Ì¢ É  μ¤´μ£μ ´¥°-
É·μ´  ´  Ö¤·¥ 197Au, ¶·¨¢μ¤ÖÐ¨Ì ± μ¡· §μ¢ ´¨Õ ¨§μÉμ¶μ¢ 198Au ¨ 196Au
¸μμÉ¢¥É¸É¢¥´´μ. Š ± ¢¨¤´μ, ·¥§Ê²ÓÉ ÉÒ ´ ¸ÉμÖÐ¥° · ¡μÉÒ ¶·¨ Ô´¥·£¨ÖÌ ¢ÒÏ¥
±Ê²μ´μ¢¸±μ£μ ¡ ·Ó¥·  Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ ¸μ£² ¸ÊÕÉ¸Ö ¸ ¤ ´´Ò³¨ [1, 5, 7].

�¨¸. 4. ”Ê´±Í¨Ö ¢μ§¡Ê¦¤¥´¨Ö ·¥ ±Í¨¨
μ¡· §μ¢ ´¨Ö 196Au (� Å ¤ ´´Ò¥ ´ ¸Éμ-
ÖÐ¥° · ¡μÉÒ; 
 Å [1]; �× Å [5]; 	 Å
[7])

�¨¸. 5. ”Ê´±Í¨Ö ¢μ§¡Ê¦¤¥´¨Ö ·¥ ±Í¨¨
μ¡· §μ¢ ´¨Ö 198Au (� Å ¤ ´´Ò¥ ´ ¸ÉμÖ-
Ð¥° · ¡μÉÒ; � Å É¥ ¦¥ ¤ ´´Ò¥ ¸ ÊÎ¥Éμ³
´¥°É·μ´´μ£μ Ëμ´ , 
 Å [1]; �× Å [5])
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	¤´ ±μ ¶·¨ Ô´¥·£¨ÖÌ ´¨¦¥ ±Ê²μ´μ¢¸±μ£μ ¡ ·Ó¥·  ¸¥Î¥´¨¥ ·¥ ±Í¨¨ ¶¥·¥-
¤ Î¨ μ¤´μ£μ ´¥°É·μ´  197Au μ± § ²μ¸Ó ¶· ±É¨Î¥¸±¨ ´¥ § ¢¨¸ÖÐ¨³ μÉ Ô´¥·-
£¨¨ ¨ ¶·¨¡²¨§¨É¥²Ó´μ · ¢´Ò³ 0,5 ³¡. ’ ±μ¥ ¶μ¢¥¤¥´¨¥ ¸¥Î¥´¨Ö ¸±μ·¥¥ ¢¸¥£μ
³μ¦´μ μ¡ÑÖ¸´¨ÉÓ ¸²¥¤¸É¢¨¥³ ¢±² ¤  ¢ μ¡· §μ¢ ´¨¥ 198Au ·¥ ±Í¨° § Ì¢ É 
Ëμ´μ¢ÒÌ ´¥°É·μ´μ¢.

�	‘“†„…�ˆ… �…‡“‹œ’�’�‚

	É¸ÊÉ¸É¢¨¥ ¸μ¡ÒÉ¨° ¢ ± ´ ²¥ · ¤¨ Í¨μ´´μ£μ § Ì¢ É  α-Î ¸É¨Í Ö¤·μ³
197Au ²¥£±μ ¶μ´ÖÉÓ, ¥¸²¨ ÊÎ¥¸ÉÓ, ÎÉμ Ô´¥·£¨Ö ¢μ§¡Ê¦¤¥´¨Ö ±μ³¶ Ê´¤-Ö¤·  ¶·¨
Ô´¥·£¨¨ ±Ê²μ´μ¢¸±μ£μ ¡ ·Ó¥·  ¸μ¸É ¢²Ö¥É 19 ŒÔ‚ ¨ ±μ´±Ê·¨·ÊÕÐ¨° ± ´ ²
¨¸¶ ·¥´¨Ö μ¤´μ£μ ´¥°É·μ´  ¸ ¶μ·μ£μ¢Ò³ §´ Î¥´¨¥³ 8,2 ŒÔ‚ (Ô´¥·£¨Ö ¸¢Ö§¨
´¥°É·μ´  ¢ Ö¤·¥ 201Tl) ´  ¨´É¥·¢ ²¥ 2Ä3 ŒÔ‚ ¸É ´μ¢¨É¸Ö ¤μ³¨´¨·ÊÕÐ¨³,
¶μ²´μ¸ÉÓÕ ¶μ¤ ¢²ÖÖ ± ´ ² · ¤¨ Í¨μ´´μ£μ § Ì¢ É .

�´ ²¨§ ËÊ´±Í¨° ¢μ§¡Ê¦¤¥´¨Ö ·¥ ±Í¨° ¨¸¶ ·¥´¨Ö 1Ä3 ´¥°É·μ´μ¢ ¶μ± §Ò-
¢ ¥É, ÎÉμ ¸ Ê¢¥²¨Î¥´¨¥³ Ô´¥·£¨¨ 4He Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ μÉ±²μ´ÖÕÉ¸Ö
μÉ · ¸Î¥Éμ¢ ¶μ ¸É É¨¸É¨Î¥¸±μ° ³μ¤¥²¨, ÎÉμ μ¡ÑÖ¸´Ö¥É¸Ö ¢±² ¤μ³ ´¥· ¢´μ¢¥¸-
´ÒÌ ¶·μÍ¥¸¸μ¢, ¸μ¶·μ¢μ¦¤ ÕÐ¨Ì¸Ö ¢Ò²¥Éμ³ ´¥°É·μ´μ¢ ¤μ Ê¸É ´μ¢²¥´¨Ö ¸É -
É¨¸É¨Î¥¸±μ£μ · ¢´μ¢¥¸¨Ö. “± § ´´Ò° ÔËË¥±É ¶·¨¢μ¤¨É ± ¸ÊÐ¥¸É¢¥´´μ³Ê § -
ÉÖ£¨¢ ´¨Õ ®Ì¢μ¸Éμ¢¯ ËÊ´±Í¨° ¢μ§¡Ê¦¤¥´¨Ö ¢ μ¡² ¸ÉÓ ¡μ²ÓÏ¨Ì Ô´¥·£¨°. ’ ±,
³ ±¸¨³Ê³ ËÊ´±Í¨¨ ¢μ§¡Ê¦¤¥´¨Ö ± ´ ²  ¨¸¶Ê¸± ´¨Ö É·¥Ì ´¥°É·μ´μ¢ (∼ 1 ¡)
¸μμÉ¢¥É¸É¢Ê¥É Ô´¥·£¨¨ 4He μ±μ²μ 35 ŒÔ‚,   ®Ì¢μ¸É¯ ËÊ´±Í¨¨ ¢μ§¡Ê¦¤¥´¨Ö
¶·μ¸É¨· ¥É¸Ö ¤μ Ô´¥·£¨¨ � 80 ŒÔ‚, ¨ ¸¥Î¥´¨¥ μ¡· §μ¢ ´¨Ö ¨§μÉμ¶  198Tl ¶·¨
ÔÉμ³ ¸μ¸É ¢²Ö¥É ¡μ²¥¥ 100 ³¡. �É¨ ·¥§Ê²ÓÉ ÉÒ ¨´É¥·¥¸´μ ¸· ¢´¨ÉÓ ¸ · ´¥¥ ¨§-
³¥·¥´´Ò³¨ ´ ³¨ ¤ ´´Ò³¨ ·¥ ±Í¨° ¸²¨Ö´¨Ö Ö¤¥· 6He ´  ³¨Ï¥´¨ 197Au [10].

�  ·¨¸. 6 ¶·¥¤¸É ¢²¥´Ò § ¢¨¸¨³μ¸É¨ ¸¥Î¥´¨° ·¥ ±Í¨° ¸²¨Ö´¨Ö Ö¤¥· §μ-
²μÉ  ¸ 4He ¨ 6He ¨ ¶μ¸²¥¤ÊÕÐ¨³ ¨¸¶ ·¥´¨¥³ ¤¢ÊÌ, É·¥Ì ¨ Î¥ÉÒ·¥Ì ´¥°É·μ-
´μ¢ μÉ Ô´¥·£¨¨ ¢μ§¡Ê¦¤¥´¨Ö ¸μ¸É ¢´μ£μ Ö¤· . ‚¨¤´μ, ÎÉμ §´ Î¥´¨Ö ¸¥Î¥´¨° ¢
³ ±¸¨³Ê³ Ì ËÊ´±Í¨° ¢μ§¡Ê¦¤¥´¨Ö 3n ¨ 4n ¨¸¶ ·¨É¥²Ó´ÒÌ ± ´ ²μ¢ ¶·¨¡²¨-
§¨É¥²Ó´μ ¸μ¢¶ ¤ ÕÉ. 	¤´ ±μ ¢±² ¤ ´¥· ¢´μ¢¥¸´ÒÌ ¶·μÍ¥¸¸μ¢ ¢ ·¥ ±Í¨¨ ¸ 6He
¶·¨ ¡μ²ÓÏ¨Ì Ô´¥·£¨ÖÌ ¸ÊÐ¥¸É¢¥´´μ ³¥´ÓÏ¥, Î¥³ ¢ ¸²ÊÎ ¥ ·¥ ±Í¨° ¸ 4He. �Éμ
³μ¦¥É ¡ÒÉÓ ¸¢Ö§ ´μ, ¢ Î ¸É´μ¸É¨, ¸ · §²¨Î¨¥³ ¢ Ô´¥·£¥É¨Î¥¸±¨Ì Ì · ±É¥·¨-
¸É¨± Ì ¤¢ÊÌ ·¥ ±Í¨° (Qgg = +12,2 ŒÔ‚ ¢ ·¥ ±Í¨¨ ¸ 6H¥ ¨ Qgg = −1,5 ŒÔ‚
¢ ·¥ ±Í¨¨ ¸ 4He),   É ±¦¥ ¸μ ¸¢μ°¸É¢ ³¨ ¸² ¡μ¸¢Ö§ ´´μ£μ Ö¤·  6He, ¶¥·¥¤ Õ-
Ð¥£μ ¸¢μÕ Ô´¥·£¨Õ Í¥²¨±μ³ ¢¸¥³Ê Ö¤·Ê-³¨Ï¥´¨,   ´¥ μÉ¤¥²Ó´Ò³ ´Ê±²μ´ ³.

�  ·¨¸. 6 É ±¦¥ ¶·¥¤¸É ¢²¥´Ò · ¸Î¥ÉÒ ¸¥Î¥´¨° 2nÄ4n ¨¸¶ ·¨É¥²Ó´ÒÌ
± ´ ²μ¢ ¶μ ¸É É¨¸É¨Î¥¸±μ° ³μ¤¥²¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ±μ¤  ALICE-MP [11].
ˆ§ ÔÉ¨Ì · ¸Î¥Éμ¢ ¢¨¤´μ, ÎÉμ ¸¥Î¥´¨¥ ·¥ ±Í¨° ¸²¨Ö´¨Ö Ö¤¥· 6He ¸ §μ²μÉμ³
¢¡²¨§¨ ±Ê²μ´μ¢¸±μ£μ ¡ ·Ó¥·  ¤μ²¦´μ ¡ÒÉÓ ¸ÊÐ¥¸É¢¥´´μ ³¥´ÓÏ¥ ¶μ ¸· ¢´¥-
´¨Õ ¸ 4He, ÎÉμ ¸¢Ö§ ´μ ¸ · §²¨Î¨¥³ ¢ §´ Î¥´¨ÖÌ Q-·¥ ±Í¨¨. 	¤´ ±μ ± ±
¶μ± §Ò¢ ÕÉ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ [10], ¶·¨ μ±μ²μ¡ ·Ó¥·´ÒÌ §´ Î¥´¨ÖÌ
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Ô´¥·£¨° 6He ·¥ ±Í¨Ö ¸²¨Ö´¨Ö ¸ Ö¤· ³¨ §μ²μÉ , ¸μ¶·μ¢μ¦¤ ÕÐ Ö¸Ö ¨¸¶Ê¸-
± ´¨¥³ ¤¢ÊÌ ´¥°É·μ´μ¢, ¶·μÉ¥± ¥É ¸ ¡μ²ÓÏμ° ¢¥·μÖÉ´μ¸ÉÓÕ, ÎÉμ ¸¢¨¤¥É¥²Ó-
¸É¢Ê¥É μ ¸ÊÐ¥¸É¢μ¢ ´¨¨ ³¥Ì ´¨§³  ¶μ¤¡ ·Ó¥·´μ£μ Ê¸¨²¥´¨Ö ·¥ ±Í¨° ¸²¨Ö´¨Ö
¸ ´¥°É·μ´´μ-¨§¡ÒÉμÎ´Ò³ Ö¤·μ³ 6He.

�¨¸. 6. ”Ê´±Í¨¨ ¢μ§¡Ê¦¤¥´¨Ö ·¥ ±Í¨° 197Au(4,6He,xn) (2 � x � 4) ¢ § ¢¨¸¨³μ¸É¨ μÉ
Ô´¥·£¨¨ ¢μ§¡Ê¦¤¥´¨Ö ¸μ¸É ¢´μ£μ Ö¤· . � Å ¤ ´´Ò¥ ´ ¸ÉμÖÐ¥° · ¡μÉÒ, � Å 6He [10],
� Å [1], 	 Å [2], B4He ¨ B6He Å ±Ê²μ´μ¢¸±¨¥ ¡ ·Ó¥·Ò. ‘¶²μÏ´Ò¥ ¨ ¶Ê´±É¨·´Ò¥
²¨´¨¨ Å · ¸Î¥ÉÒ ¶μ ¸É É¨¸É¨Î¥¸±μ° ³μ¤¥²¨, ±μ¤ ALICE-MP [11], ¤²Ö ·¥ ±Í¨° ¸ 4He
¨ 6He ¸μμÉ¢¥É¸É¢¥´´μ

�  ·¨¸. 7 ¶·¥¤¸É ¢²¥´Ò ËÊ´±Í¨¨ ¢μ§¡Ê¦¤¥´¨Ö ·¥ ±Í¨° ¶¥·¥¤ Î¨ ¨ ¸·Ò¢ 
´¥°É·μ´  ¶·¨ ¢§ ¨³μ¤¥°¸É¢¨¨ ¸ Ö¤· ³¨ 4He (¸¶²μÏ´Ò¥ ¸¨³¢μ²Ò) ¨ Ö¤· ³¨
6He (μÉ±·ÒÉÒ¥ ¸¨³¢μ²Ò) [10]. „ ´´Ò¥ ¶μ ¸¥Î¥´¨Ö³ μ¡· §μ¢ ´¨Ö ¨§μÉμ¶ 
198Au ¶·¨¢¥¤¥´Ò ¸ ÊÎ¥Éμ³ ¢±² ¤  μÉ § Ì¢ É  Ëμ´μ¢ÒÌ ´¥°É·μ´μ¢. „²Ö 4He ´ 
·¨¸Ê´±¥ É ±¦¥ ¶·¥¤¸É ¢²¥´Ò ¤ ´´Ò¥ · ¡μÉÒ [1].

Š ± ¢¨¤´μ, ¸¥Î¥´¨¥ ¶¥·¥¤ Î¨ μ¤´μ£μ ´¥°É·μ´  ¢ ·¥ ±Í¨ÖÌ, ¢Ò§¢ ´´ÒÌ
6He, ¢ μÉ²¨Î¨¥ μÉ ·¥ ±Í¨° ¸ 4�¥ ¨³¥¥É ´¥μ¡ÒÎ´Ò° ¢¨¤. �·¨ Ê³¥´ÓÏ¥´¨¨
Ô´¥·£¨¨ 6He ¢ μ±μ²μ¡ ·Ó¥·´μ° μ¡² ¸É¨ ´ ¡²Õ¤ ¥É¸Ö ·μ¸É ¸¥Î¥´¨Ö μ¡· §μ¢ -
´¨Ö 198Au ¤μ §´ Î¥´¨Ö ∼ 1 ¡. �Éμ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ · §²¨Î¨¨ ¢ ³¥Ì ´¨§³¥
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�¨¸. 7. ”Ê´±Í¨¨ ¢μ§¡Ê¦¤¥´¨Ö ·¥ ±Í¨° 197Au+ 4,6He c μ¡· §μ¢ ´¨¥³ 196Au ¨ 198Au.
� Å 198Au, � Å 196Au Å ¤ ´´Ò¥ ´ ¸ÉμÖÐ¥° · ¡μÉÒ, � Å 198Au [1], �+ Å 196Au
[1], 
 Å 198Au, � Å 196Au [10]

μ¡· §μ¢ ´¨Ö 198Au, μÎ¥¢¨¤´μ, μ¡Ê¸²μ¢²¥´´μ³ ´ ²¨Î¨¥³ ¢ ²¥´É´ÒÌ ´¥°É·μ´μ¢
¢ Ö¤·¥ 6He. �·¨ ÔÉμ³ ³μ£ÊÉ ¨³¥ÉÓ ³¥¸Éμ ¤¢  ¶·μÍ¥¸¸ : ¶·Ö³ Ö ¶¥·¥¤ Î  μ¤-
´μ£μ ¨²¨ ¤¢ÊÌ ´¥°É·μ´μ¢ μÉ 6He Ö¤·Ê 197Au ¨²¨ · §¢ ² 6He ¸ ¶μ¸²¥¤ÊÕÐ¨³
§ Ì¢ Éμ³ ´¥°É·μ´μ¢.

�¥μ¡Ìμ¤¨³μ μÉ³¥É¨ÉÓ, ÎÉμ ¢ ¸²ÊÎ ¥ ¶¥·¥¤ Î¨ ¨²¨ § Ì¢ É  Ö¤·μ³ 197Au
¤¢ÊÌ ´¥°É·μ´μ¢ μ¡· §ÊÕÐ¥¥¸Ö Ö¤·μ 199Au ¶μ²ÊÎ ¥É Ô´¥·£¨Õ ¢μ§¡Ê¦¤¥´¨Ö,
¤μ¸É ÉμÎ´ÊÕ ¤²Ö ¨¸¶ ·¥´¨Ö μ¤´μ£μ ¨²¨ ¤¢ÊÌ ´¥°É·μ´μ¢.

�¥ ±Í¨¨ ¸·Ò¢  μ¤´μ£μ ´¥°É·μ´  ¤²Ö Ö¤·  197Au ¢ ·¥ ±Í¨ÖÌ ¸ 4He ¨ 6He
¨¤ÊÉ ¸μ ¸· ¢´¨É¥²Ó´μ ¡²¨§±¨³¨ §´ Î¥´¨Ö³¨ ¸¥Î¥´¨°, ¨ ËÊ´±Í¨¨ ¢μ§¡Ê¦¤¥´¨Ö
¢μ ¢¸e³ ¨´É¥·¢ ²¥ Ô´¥·£¨° ¢¥¤ÊÉ ¸¥¡Ö ¸Ìμ¤´Ò³ μ¡· §μ³. �Éμ Ö¢´μ ¸¢¨¤¥É¥²Ó-
¸É¢Ê¥É μ Éμ³, ÎÉμ ¢ ³¥Ì ´¨§³¥ μ¡¥¨Ì ·¥ ±Í¨° ³´μ£μ μ¡Ð¥£μ.

‚ § ±²ÕÎ¥´¨e  ¢Éμ·Ò ¢Ò· ¦ ÕÉ ¡² £μ¤ ·´μ¸ÉÓ ‘.�. „³¨É·¨¥¢Ê §  ¶μ¤-
¤¥·¦±Ê ´ ¸ÉμÖÐ¥° · ¡μÉÒ ¨ ƒ. Ÿ. ‘É ·μ¤Ê¡Ê §  ¶μ³μÐÓ ¶·¨ ¶·μ¢¥¤¥´¨¨ Ô±¸-
¶¥·¨³¥´Éμ¢. „ ´´ Ö · ¡μÉ  ¢Ò¶μ²´¥´  ¶·¨ ¶μ¤¤¥·¦±¥ �””ˆ (£· ´É º 04-
02-17372).
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