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ƒ. ƒ. �¤ ³Ö´, �. ‚. �´Éµ´¥´±µ, �. ‚. „¦µ²µ¸, �. Š. � ¸¨·µ¢

�¡Ñ¥¤¨´e´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°, „Ê¡´ 

‹ ¡µ· Éµ·¨Ö É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨ ¨³. �. �. �µ£µ²Õ¡µ¢ 

�·¥¤²µ¦¥´  ´µ¢ Ö ³µ¤¥²Ó ¸²¨Ö´¨Ö Ö¤¥·, ±µÉµ· Ö ¶µ§¢µ²Ö¥É µ¶¨¸Ò¢ ÉÓ ¸¥Î¥´¨Ö µ¡· §µ¢ ´¨Ö
¸¢¥·ÌÉÖ¦¥²ÒÌ Ô²¥³¥´Éµ¢ ¨ ¢ÒÌµ¤Ò ¶·µ¤Ê±Éµ¢ ±¢ §¨¤¥²¥´¨Ö. Š² ¸É¥·´ Ö ¨´É¥·¶·¥É Í¨Ö ¶µ§¢µ-
²Ö¥É µ¡µ¸´µ¢ ÉÓ ¶·¥¤¶µÎÉ¨É¥²Ó´µ¸ÉÓ ¤¢¨¦¥´¨Ö ¤¢µ°´µ° Ö¤¥·´µ° ¸¨¸É¥³Ò ± ¸µ¸É ¢´µ³Ê Ö¤·Ê ¶µ
±µµ·¤¨´ É¥ ³ ¸¸µ¢µ°  ¸¨³³¥É·¨¨. �µ¤¡ ·Ó¥·´Ò¥ ¶·µÍ¥¸¸Ò · ¸¸³ É·¨¢ ÕÉ¸Ö ´  µ¸´µ¢¥ É¥µ·¨¨
µÉ±·ÒÉÒÌ ±¢ ´Éµ¢ÒÌ ¸¨¸É¥³.

New model of nuclear fusion is suggested to describe the formation cross sections of superheavy
nuclei and the yields of quasiˇssion products. Cluster interpretation allows us to prove the preference
of the dinuclear system motion in mass asymmetry coordinate to the compound nucleus. Subbarrier
processes are considered with the theory of open quantum systems.

1. ��‚�Ÿ Œ�„…‹œ ‘‹ˆŸ�ˆŸ ’Ÿ†…‹›• Ÿ„…�

ˆ´É¥·¥¸ ± ¨§ÊÎ¥´¨Õ ³¥Ì ´¨§³  ¸²¨Ö´¨Ö ÉÖ¦¥²ÒÌ Ö¤¥· ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö
¢Ò§¢ ´ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ·¥§Ê²ÓÉ É ³¨ ¶µ ¸¨´É¥§Ê ¸¢¥·ÌÉÖ¦¥²ÒÌ Ô²¥³¥´-
Éµ¢. ‘¢¥·ÌÉÖ¦¥²Ò¥ Ö¤·  ¸ Z = 106 ÷ 112 ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¢ ·¥ ±Í¨ÖÌ Ìµ²µ¤-
´µ£µ ¸²¨Ö´¨Ö X + 208Pb ¨ 209Bi [1]. �¥ ±Í¨¨ £µ·ÖÎ¥£µ ¸²¨Ö´¨Ö 48Ca + 232Th,
238U, 242,244Pu ¨ 248Cm ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¤²Ö ¸¨´É¥§  Ö¤¥· ¸ Z = 110, 112, 114
¨ 116 [2].

‘ÊÐ¥¸É¢ÊÕÐ¨¥ ³µ¤¥²¨ ¸²¨Ö´¨Ö Ö¤¥· · §²¨Î ÕÉ¸Ö ¢Ò¡µ·µ³ ±µ²²¥±É¨¢´µ°
±µµ·¤¨´ ÉÒ, ¢¤µ²Ó ±µÉµ·µ° ¶·µ¨¸Ìµ¤¨É ¸²¨Ö´¨¥. ‚ ¶¥·¢ÒÌ É¥µ·¥É¨Î¥¸±¨Ì
· ¸Î¥É Ì ¸¥Î¥´¨Ö ¸²¨Ö´¨Ö ¤¨´ ³¨±  µ¡· §µ¢ ´¨Ö ¸µ¸É ¢´µ£µ Ö¤·  ´¥ · ¸¸³ -
É·¨¢ ² ¸Ó,   ¶·µ¸Éµ ¶µ¸ÉÊ²¨·µ¢ ²µ¸Ó, ÎÉµ ¶µ¸²¥ § Ì¢ É  ´ ²¥É ÕÐ¥° Î ¸É¨ÍÒ
Ö¤·µ³-³¨Ï¥´ÓÕ ¸²¨Ö´¨¥ ¶·µ¨¸Ìµ¤¨É ´¥¨§¡¥¦´µ. Œ´µ£¨¥ ³µ¤¥²¨, ¶µÖ¢¨¢Ï¨-
¥¸Ö ¶µ§¦¥, ¶·¥¤¶µ² £ ²¨ ¸²¨Ö´¨¥ ¢¤µ²Ó ±µµ·¤¨´ ÉÒ µÉ´µ¸¨É¥²Ó´µ£µ · ¸¸ÉµÖ-
´¨Ö R ³¥¦¤Ê Í¥´É· ³¨ Ö¤¥·. �¤´ ±µ ¢ · ³± Ì ¤¢ÊÌÍ¥´É·µ¢µ° µ¡µ²µÎ¥Î´µ°
³µ¤¥²¨ ¡Ò²µ ¶µ± § ´µ, ÎÉµ É ±µ°  ¤¨ ¡ É¨Î¥¸±¨° ¸Í¥´ ·¨° ¸²¨Ö´¨Ö ¶·¨¢µ-
¤¨É ± ¸¨²Ó´µ° ¶¥·¥µÍ¥´±¥ ¨ ¶·µÉ¨¢µ¶µ²µ¦´µ° ¨§µÉµ¶¨Î¥¸±µ° § ¢¨¸¨³µ¸É¨
¢¥·µÖÉ´µ¸É¨ ¸²¨Ö´¨Ö.
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�·¥¤²µ¦¥´´ Ö ¶·¨´Í¨¶¨ ²Ó´µ ´µ¢ Ö ³µ¤¥²Ó ¸²¨Ö´¨Ö Ö¤¥· µ¸´µ¢Ò¢ ¥É¸Ö
´  ±µ´Í¥¶Í¨¨ ¤¢µ°´µ° Ö¤¥·´µ° ¸¨¸É¥³Ò („Ÿ‘) [3]. „Ÿ‘ Ëµ·³¨·Ê¥É¸Ö ¢
¸Éµ²±´µ¢¥´¨ÖÌ Ö¤¥· ¶·¨ §´ Î¥´¨ÖÌ ±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¨ ´  ´Ê±²µ´ ´¨¦¥
Ô´¥·£¨¨ ”¥·³¨ ¨ § É¥³ Ô¢µ²ÕÍ¨µ´¨·Ê¥É ± · ¢´µ¢¥¸´µ³Ê ¸µ¸ÉµÖ´¨Õ ¸µ¸É ¢-
´µ£µ Ö¤·  ¨²¨ · §¢ ²¨¢ ¥É¸Ö ´  ¤¢  Ë· £³¥´É . ‚ ³µ¤¥²¨ „Ÿ‘ [4Ä10] ¸²¨Ö´¨¥
¶·¥¤¸É ¢²Ö¥É¸Ö ± ± Ô¢µ²ÕÍ¨Ö „Ÿ‘ ± ¸µ¸É ¢´µ³Ê Ö¤·Ê §  ¸Î¥É ¶¥·¥¤ Î¨ ´Ê±²µ-
´µ¢ ¨§ ²¥£±µ£µ Ö¤·  ¢ ÉÖ¦¥²µ¥, É. ¥. ± ± ¤¢¨¦¥´¨¥ ¶µ ³ ¸¸µ¢µ°  ¸¨³³¥É·¨¨
η = (A1 − A2)/(A1 + A2), £¤¥ A1 ¨ A2 Å ³ ¸¸µ¢Ò¥ Î¨¸²  Ö¤¥· ¢ „Ÿ‘, ¨
µÉ´µ¸¨É¥²Ó´µ³Ê · ¸¸ÉµÖ´¨Õ ¸µµÉ¢¥É¸É¢¥´´µ. Š¢ §¨¤¥²¥´¨¥ · ¸¸³ É·¨¢ ¥É¸Ö
± ± · ¸¶ ¤ „Ÿ‘, É. ¥. ¤¢¨¦¥´¨¥ ± ¡µ²ÓÏ¨³ R. ˆ§-§  ±¢ §¨¤¥²¥´¨Ö ¸¥Î¥´¨¥
¸²¨Ö´¨Ö ¢ ·¥ ±Í¨ÖÌ ¸ ÉÖ¦¥²Ò³ Ö¤· ³¨ ¸¨²Ó´µ Ê³¥´ÓÏ ¥É¸Ö. Œµ¤¥²Ó „Ÿ‘
¤ ¥É ¢µ§³µ¦´µ¸ÉÓ µ¡´ ·Ê¦¨ÉÓ ´µ¢Ò¥ ¢ ¦´Ò¥ µ¸µ¡¥´´µ¸É¨ ¶µ²´µ£µ ¸²¨Ö´¨Ö:
1) ¶µÖ¢²¥´¨¥ ¸¶¥Í¨Ë¨Î¥¸±µ£µ ¢´ÊÉ·¥´´¥£µ ¡ ·Ó¥·  ¸²¨Ö´¨Ö ¶µ ±µµ·¤¨´ É¥
³ ¸¸µ¢µ°  ¸¨³³¥É·¨¨ ¶·¨ η = ηBG; 2) ±µ´±Ê·¥´Í¨Ö ³¥¦¤Ê ¶µ²´Ò³ ¸²¨Ö´¨¥³
¨ ±¢ §¨¤¥²¥´¨¥³ ¢ Ô¢µ²ÕÍ¨¨ „Ÿ‘ ± ¸µ¸É ¢´µ³Ê Ö¤·Ê.

2. ��‘—…’ ‘…—…�ˆ‰ ˆ‘���ˆ’…‹œ�›• �‘’�’Š�‚

‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ ³µ¤¥²ÓÕ „Ÿ‘ ¸¥Î¥´¨¥ ¨¸¶ ·¨É¥²Ó´ÒÌ µ¸É É±µ¢ ¢ ·¥ ±-
Í¨ÖÌ, ¢¥¤ÊÐ¨Ì ± ¸¢¥·ÌÉÖ¦¥²Ò³ Ô²¥³¥´É ³, § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥ ¶·µ¨§¢¥¤¥´¨Ö
É·¥Ì ³´µ¦¨É¥²¥° [7, 8]:

σER(Ecm) = σc(Ecm)PCN (Ecm, J = 0)Wsur(Ecm, J = 0). (1)

‡¤¥¸Ó σc Å ÔËË¥±É¨¢´µ¥ ¸¥Î¥´¨¥ § Ì¢ É  ´ ²¥É ÕÐ¥£µ Ö¤·  Ö¤·µ³-³¨Ï¥´ÓÕ;
PCN Å ¢¥·µÖÉ´µ¸ÉÓ ¶µ²´µ£µ ¸²¨Ö´¨Ö, § ¢¨¸ÖÐ Ö µÉ ±µ´±Ê·¥´Í¨¨ ³¥¦¤Ê ¶µ²-
´Ò³ ¸²¨Ö´¨¥³ ¨ ±¢ §¨¤¥²¥´¨¥³, ¨ Wsur Å ¢¥·µÖÉ´µ¸ÉÓ ¢Ò¦¨¢ ´¨Ö ¸µ¸É ¢´µ£µ
Ö¤·  ¶µ µÉ´µÏ¥´¨Õ ± ¤¥²¥´¨Õ ¢ ¶·µÍ¥¸¸¥ ¤¥¢µ§¡Ê¦¤¥´¨Ö.

σc(Ecm) ≈ πλ2(Jmax + 1)2T (Ecm, J = 0),

£¤¥ T µ¶¨¸Ò¢ ¥É ¢¥·µÖÉ´µ¸ÉÓ ¶·µÌµ¦¤¥´¨Ö ±Ê²µ´µ¢¸±µ£µ ¡ ·Ó¥· , Jmax ≈
10−20 µ£· ´¨Î¨¢ ¥É¸Ö § ¢¨¸¨³µ¸ÉÓÕ Wsur µÉ Ê£²µ¢µ£µ ³µ³¥´É  J . „²Ö · ¸-
Î¥É  PCN ¨¸¶µ²Ó§ÊeÉcÖ Ê· ¢´¥´¨¥ ”µ±±¥· Ä�² ´±  [5] ¨²¨ ¢Ò· ¦¥´¨¥ [6]:

PCN ≈
λKr

η

λKr
R + λKr

η

, (2)

£¤¥ ¤²Ö ±¢ §¨¸É Í¨µ´ ·´ÒÌ ¶µÉµ±µ¢ ¢¥·µÖÉ´µ¸É¨ Î¥·¥§ ¡ ·Ó¥·Ò ¸²¨Ö´¨Ö (Bη =
B∗

fus) λKr
η ¨ ±¢ §¨¤¥²¥´¨Ö (BR = Bqf ) λKr

R ¨¸¶µ²Ó§ÊÕÉ¸Ö ¨§¢¥¸É´Ò¥ Ëµ·³Ê²Ò
Š· ³¥·¸ . ‚ ¸²ÊÎ ¥ B∗

fus � Bqf ¢ (2) ¢¢µ¤¨É¸Ö ¶µ¶· ¢±  ¤²Ö ÊÎ¥É  ¶¥·¥Ìµ¤-
´µ£µ ¢·¥³¥´¨ Ê¸É ´µ¢²¥´¨Ö ±¢ §¨¸É Í¨µ´ ·´µ£µ ·¥¦¨³ . �² £µ¤ ·Ö ±µ´±Ê·¥´-
Í¨¨ ³¥¦¤Ê ¶µ²´Ò³ ¸²¨Ö´¨¥³ ¨ ±¢ §¨¤¥²¥´¨¥³ ¢¥·µÖÉ´µ¸ÉÓ ¸²¨Ö´¨Ö ¸¨²Ó´µ
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Ê³¥´ÓÏ ¥É¸Ö ¸ Ê³¥´ÓÏ¥´¨¥³  ¸¨³³¥É·¨¨ η ¢µ ¢Ìµ¤´µ³ ± ´ ²¥, ÎÉµ ¶·¥±· ¸´µ
¸µ£² ¸Ê¥É¸Ö ¸ Ô±¸¶¥·¨³¥´Éµ³.

‚¥·µÖÉ´µ¸ÉÓ ¢Ò¦¨¢ ´¨Ö ¸µ¸É ¢´µ£µ Ö¤·  ¶·¨ ¨¸¶ ·¥´¨¨ x ´¥°É·µ´µ¢ ¢Ò-
Î¨¸²Ö¥É¸Ö ¶µ Ëµ·³Ê²¥ [10]:

Wsur(E∗
CN ) ≈ Pxn(E∗

CN )
x∏

i=1

Γn(E∗
CNi

)
Γn(E∗

CNi
) + Γf (E∗

CNi
)
, (3)

£¤¥ Pxn Å ¢¥·µÖÉ´µ¸ÉÓ ·¥ ²¨§ Í¨¨ xn-± ´ ²  ¶·¨ Ô´¥·£¨¨ E∗
CN = Ecm −Q;

i Å ´µ³¥· ¨¸¶ ·¨É¥²Ó´µ£µ Ï £ ; Γn ¨ Γf Å ¶ ·Í¨ ²Ó´Ò¥ Ï¨·¨´Ò ¤²Ö Ô³¨¸-
¸¨¨ ´¥°É·µ´  ¨ ¤¥²¥´¨Ö ¸µµÉ¢¥É¸É¢¥´´µ. Γn/Γf ³µ¦´µ ´ °É¨, ¨¸¶µ²Ó§ÊÖ ²¨¡µ
¶·µ¸ÉÒ¥ Ëµ·³Ê²Ò, ± ± ¢ [7], ²¨¡µ ¨³¥ÕÐ¨¥¸Ö ¸É É¨¸É¨Î¥¸±¨¥ ¶·µ£· ³³Ò [11].

�¨¸. 1. � ¸¸Î¨É ´´Ò¥ ¸¥Î¥´¨Ö ¨¸¶ ·¨É¥²Ó-
´ÒÌ µ¸É É±µ¢ (±¢ ¤· É¨±¨) ¢ ·¥ ±Í¨ÖÌ Ìµ²µ¤-
´µ£µ ¸²¨Ö´¨Ö X+208Pb, 209Bi ¸· ¢´¨¢ ÕÉ¸Ö
¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ (±·Ê¦±¨).
’·¥Ê£µ²Ó´¨±¨ ¸µ ¸É·¥²± ³¨ µ¡µ§´ Î ÕÉ ¤µ-
¸É¨£´ÊÉÒ° ¶·¥¤¥² ¸¥Î¥´¨Ö ¢ Ô±¸¶¥·¨³¥´É Ì
GSI, ¢ ±µÉµ·ÒÌ ¶·µ¤Ê±ÉÒ ¶µ²´µ£µ ¸²¨Ö´¨Ö
´¥ ¡Ò²¨ § Ë¨±¸¨·µ¢ ´Ò

� ·Ó¥·Ò ¸²¨Ö´¨Ö ¶µ η ¨ ±¢ -
§¨¤¥²¥´¨Ö µ¶·¥¤¥²ÖÕÉ¸Ö ¨§ · ¸-
Î¥É  ¶µÉ¥´Í¨ ²Ó´µ° Ô´¥·£¨¨ „Ÿ‘,
µ¶·¥¤¥²Ö¥³µ° Î¥·¥§ ¸Ê³³Ê Ô´¥·£¨°
¸¢Ö§¨ Bi (i = 1, 2) Ö¤¥· „Ÿ‘ ¨
Ö¤·µ-Ö¤¥·´µ£µ ¶µÉ¥´Í¨ ²  V (R, η):

U(R, η) = B1 + B2 + V (R, η).
(4)

�¡µ²µÎ¥Î´Ò¥ ÔËË¥±ÉÒ ¢±²ÕÎ¥´Ò
¢ Ô´¥·£¨¨ ¸¢Ö§¨. ‚ ³µ¤¥²¨ „Ÿ‘
Ô´¥·£¥É¨Î¥¸±¨° ¶µ·µ£ ¤²Ö ¶µ²´µ-
£µ ¸²¨Ö´¨Ö ³¥´ÓÏ¥, Î¥³ ¶µ·µ£,
¶·¥¤¸± § ´´Ò° ¢ ³ ±·µ¸±µ¶¨Î¥-
¸±¨Ì ³µ¤¥²ÖÌ. ˆ§µÉµ¶¨Î¥¸± Ö § -
¢¨¸¨³µ¸ÉÓ σER ¢ µ¸´µ¢´µ³ µ¶·¥-
¤¥²Ö¥É¸Ö PCN ¨ Wsur [8]. ‚ ·¥ ±-
Í¨ÖÌ Ìµ²µ¤´µ£µ ¸²¨Ö´¨Ö ¸ ·µ¸Éµ³
Î¨¸²  ´¥°É·µ´µ¢ ¢ Ö¤·¥-¸´ ·Ö¤¥
Wsur Ê¢¥²¨Î¨¢ ¥É¸Ö,   PCN ³µ¦¥É
Ê³¥´ÓÏ ÉÓ¸Ö ´ ¸Éµ²Ó±µ, ÎÉµ § ¢¨-
¸¨³µ¸ÉÓ σER µÉ Î¨¸²  ´¥°É·µ´µ¢ ¢
¸¨¸É¥³¥ ¸É ´µ¢¨É¸Ö ¸² ¡µ°. ‚ ·¥-
 ±Í¨ÖÌ ¦¥ ¸²¨Ö´¨Ö, ¶·¨¢µ¤ÖÐ¨Ì ±
 ±É¨´¨¤ ³, Ê¢¥²¨Î¥´¨¥ Î¨¸²  ´¥°-
É·µ´µ¢ ¢ ´ ²¥É ÕÐ¥³ Ö¤·¥ § ³¥É´µ
Ê¢¥²¨Î¨¢ ¥É σER.

‚ ³µ¤¥²¨ „Ÿ‘ Ê¸¶¥Ï´µ µ¡ÑÖ¸´¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶µ ¸²¨Ö-
´¨Õ ÉÖ¦¥²ÒÌ Ö¤¥· [4Ä10] ¨ ´ ¡²Õ¤ ¥³µ¥ ¡Ò¸É·µ¥ ¶ ¤¥´¨¥ ¸¥Î¥´¨Ö ¸²¨Ö´¨Ö ¢
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·¥ ±Í¨ÖÌ X + 208Pb, 209Bi ¸ Ê¢¥²¨Î¥´¨¥³ § ·Ö¤  ¸µ¸É ¢´µ£µ Ö¤·  (·¨¸. 1) [8].
�·¥¤¸± § É¥²Ó´ Ö ¸¨²  ³µ¤¥²¨ § ±²ÕÎ ¥É¸Ö ¢ ¢µ§³µ¦´µ¸É¨ µ¶¨¸ ÉÓ ¸¥Î¥´¨Ö
¸²¨Ö´¨Ö ¢ ·¥ ±Í¨ÖÌ, ¤²Ö ±µÉµ·ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö µÉ²¨Î ÕÉ¸Ö
´  ´¥¸±µ²Ó±µ ¶µ·Ö¤±µ¢ ¢¥²¨Î¨´Ò.

3. ���‘��‚��ˆ… Œ�„…‹ˆ „Ÿ‘

„²Ö µ¡µ¸´µ¢ ´¨Ö ¸µÌ· ´¥´¨Ö ¨´¤¨¢¨¤Ê ²Ó´µ¸É¨ Ö¤¥·, ±µÉµ· Ö ¶·¥¤¶µ-
² £ ¥É¸Ö ¢ Ô¢µ²ÕÍ¨¨ „Ÿ‘ ± ¸µ¸É ¢´µ³Ê Ö¤·Ê, ³Ò ¨¸¶µ²Ó§µ¢ ²¨ ±µ´Í¥¶Í¨Õ
¸É·Ê±ÉÊ·´µ£µ § ¶·¥É  ¸²¨Ö´¨Ö Ö¤¥·. ‘ ¶µ³µÐÓÕ ÔÉµ£µ ³¥Éµ¤  ÊÎ¨ÉÒ¢ ¥É¸Ö
µ¡µ²µÎ¥Î´ Ö ¸É·Ê±ÉÊ·  Ö¤¥· ¨ ¶·¨´Í¨¶ � Ê²¨ ¶·¨ ´ Ìµ¦¤¥´¨¨ Ô´¥·£¥É¨Î¥-
¸±µ£µ ¶µ·µ£  ¤²Ö ¸²¨Ö´¨Ö ¶µ R ¶·¨ Ë¨±¸¨·µ¢ ´´µ³ η. � °¤¥´´Ò¥ ¢¥²¨Î¨´Ò
¶µ·µ£µ¢ ¤²Ö „Ÿ‘ ¸ ³ ²Ò³ η µ± § ²¨¸Ó ¸²¨Ï±µ³ ¡µ²ÓÏ¨³¨, ÎÉµ¡Ò ´ ¤¥ÖÉÓ¸Ö
´  ¸²¨Ö´¨¥ ÉÖ¦¥²ÒÌ Ö¤¥· ¶µ R [12]. �² £µ¤ ·Ö ÔÉµ³Ê ¤²¨É¥²Ó´µ¥ ¢·¥³Ö ¸µÌ· -
´Ö¥É¸Ö ¨´¤¨¢¨¤Ê ²Ó´µ¸ÉÓ Ö¤¥· ¢ „Ÿ‘. ‚¥²¨Î¨´  ¸É·Ê±ÉÊ·´µ£µ § ¶·¥É  Ê³¥´Ó-
Ï ¥É¸Ö ¸ ·µ¸Éµ³ ³ ¸¸µ¢µ°  ¸¨³³¥É·¨¨ ¢µ ¢Ìµ¤´µ³ ± ´ ²¥ ¨ ¶·¨ |η| > |ηBG|
¡Ò¸É·µ ¸É·¥³¨É¸Ö ± ´Ê²Õ. �µ²ÓÏµ° ¸É·Ê±ÉÊ·´Ò° § ¶·¥É µ¡¥¸¶¥Î¨¢ ¥É É ±¦¥
¡¨´ ·´µ¸ÉÓ ·¥ ±Í¨¨ ¤µ Ô´¥·£¨¨ ¶µ·Ö¤±  30 ŒÔ‚/´Ê±²µ´.

‚·¥³¥´´µ° ¶¥·¥Ìµ¤ ³¥¦¤Ê ¤¨ ¡ É¨Î¥¸±¨³ (¢Ìµ¤´µ° ± ´ ² ·¥ ±Í¨¨) ¨
 ¤¨ ¡ É¨Î¥¸±¨³ ·¥¦¨³ ³¨ Å ¤µ¸É ÉµÎ´µ ³¥¤²¥´´Ò° ¶·µÍ¥¸¸, ±µÉµ·Ò° ´¥
Ê¸¶¥¢ ¥É § ¢¥·Ï¨ÉÓ¸Ö §  ¢·¥³Ö ¸²¨Ö´¨Ö [13, 14]. ‘²¨¢ ÕÐ Ö¸Ö ¸¨¸É¥³  ´¥
¨³¥¥É ¤µ¸É ÉµÎ´µ ¢·¥³¥´¨ ¤²Ö · §·ÊÏ¥´¨Ö ®¶ ³ÖÉ¨¯ µ ¸É·Ê±ÉÊ·´µ³ § ¶·¥É¥
´  ¤¢¨¦¥´¨¥ ± ¸µ¸É ¢´µ³Ê Ö¤·Ê ¶µ R. „ ¦¥ ¶·¨ ¢Ò¡µ·¥ ¶ · ³¥É·µ¢, ¶·¨
±µÉµ·µ³ ¢¥·µÖÉ´µ¸ÉÓ ¸²¨Ö´¨Ö ¶µ R ³ ±¸¨³ ²Ó´ , PR

CN ´ ³´µ£µ ³¥´ÓÏ¥ P η
CN

(É ¡².).
„¢ÊÌÍ¥´É·µ¢ Ö µ¡µ²µÎ¥Î´ Ö ³µ¤¥²Ó ¨¸¶µ²Ó§µ¢ ² ¸Ó ¶·¨ ¨§ÊÎ¥´¨¨  ¤¨ -

¡ É¨Î¥¸±µ£µ ³¥Ì ´¨§³  ¸²¨Ö´¨Ö, ±µÉµ·Ò° ¸¢Ö§ ´ ¸ ¡Ò¸É·Ò³ ·µ¸Éµ³ Ï¥°±¨

‘· ¢´¥´¨¥ ¢¥·µÖÉ´µ¸É¥° ¸²¨Ö´¨Ö P R,η
CN ¶µ ±µµ·¤¨´ É ³ R ¨ η ¸

Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ §´ Î¥´¨Ö³¨ P exp
CN . � · ³¥É·Ò ¡Ò²¨ ¢Ò¡· ´Ò É ±,

ÎÉµ¡Ò ¶µ²ÊÎ¨ÉÓ ³ ±¸¨³ ²Ó´ÊÕ ¢¥²¨Î¨´Ê P R
CN

�¥ ±Í¨¨ P R
CN P η

CN P exp
CN

90Zr + 90Zr → 180Hg 2 · 10−2 2 · 10−1 ∼ 10−1

100Mo + 100Mo → 200Po 3 · 10−3 2 · 10−2 5 · 10−2

110Pd + 110Pd → 220U 4 · 10−7 3 · 10−4 ∼ 10−4

56Cr + 164Er → 220U 2 · 10−3 6 · 10−1

76Ge + 170Er → 246Fm 3 · 10−12 6 · 10−4 8 · 10−4

86Kr + 160Gd → 246Fm 2 · 10−16 7 · 10−5 5 · 10−5



Š‹�‘’…���Ÿ ˆ�’…���…’�–ˆŸ ‘‹ˆŸ�ˆŸ ˆ Š‚�‡ˆ„…‹…�ˆŸ 135

¶·¨ ¶¥·¥Ìµ¤¥ „Ÿ‘ ± ¸µ¸É ¢´µ³Ê Ö¤·Ê. ‘Î¨É ¥É¸Ö, ÎÉµ  ¤¨ ¡ É¨Î¥¸±µ¥ ¸²¨-
Ö´¨¥ ¶·µ¨¸Ìµ¤¨É Î¥·¥§ ¤µ²¨´Ê ¤¥²¥´¨Ö. „²Ö µÍ¥´±¨ ¢¥·µÖÉ´µ¸É¨ ¸²¨Ö´¨Ö
¨¸¶µ²Ó§µ¢ ² ¸Ó Ëµ·³Ê²  Š· ³¥·¸ . �µ²ÊÎ¥´´Ò¥ ¢¥·µÖÉ´µ¸É¨ [15] µ± § ²¨¸Ó
´  ´¥¸±µ²Ó±µ ¶µ·Ö¤±µ¢ ¡µ²ÓÏ¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨°. � ¶·¨³¥·, ¢ ·¥-
 ±Í¨¨ 110Pd + 110Pd ¢¥·µÖÉ´µ¸ÉÓ ¸²¨Ö´¨Ö ¢¡²¨§¨ ±Ê²µ´µ¢¸±µ£µ ¡ ·Ó¥·  Î¥·¥§
¤µ²¨´Ê ¤¥²¥´¨Ö · ¢´  10−2,   Ô±¸¶¥·¨³¥´É ¤ ¥É ²¨ÏÓ 5 · 10−5. �·¨Î¨´  É -
±µ£µ ´¥¸µ£² ¸µ¢ ´¨Ö Å ¢ µÉ¸ÊÉ¸É¢¨¨ § ¶·¥Éµ¢ ´  ·µ¸É Ï¥°±¨ ¨ ¤¢¨¦¥´¨¥ ±
³¥´ÓÏ¨³ R ¢  ¤¨ ¡ É¨Î¥¸±µ° ³µ¤¥²¨.

ˆ¸¶µ²Ó§ÊÖ ¤¢ÊÌÍ¥´É·µ¢ÊÕ µ¡µ²µÎ¥Î´ÊÕ ³µ¤¥²Ó ¨ ³¥Éµ¤ ¶·¨´Ê¤¨É¥²Ó´µ£µ
¢· Ð¥´¨Ö, ³Ò · ¸¸Î¨É ²¨ ³ ¸¸µ¢Ò° ¶ · ³¥É· ¤²Ö Ï¥°±¨ ¨ ¨¸¸²¥¤µ¢ ²¨ ¥£µ
§ ¢¨¸¨³µ¸ÉÓ µÉ · §²¨Î´ÒÌ Ì · ±É¥·¨¸É¨± „Ÿ‘. �µ ¸· ¢´¥´¨Õ ¸ £¨¤·µ¤¨´ ³¨-
Î¥¸±¨³ · ¸Î¥Éµ³ ³ ¸¸µ¢Ò° ¶ · ³¥É· ¨ ±µÔËË¨Í¨¥´É É·¥´¨Ö Ö¢²ÖÕÉ¸Ö µÎ¥´Ó
¡µ²ÓÏ¨³¨, ¶·¥¶ÖÉ¸É¢ÊÕÉ ·µ¸ÉÊ Ï¥°±¨ ¨ µ¡¥¸¶¥Î¨¢ ÕÉ µÉ´µ¸¨É¥²Ó´µ ¡µ²ÓÏµ¥
¢·¥³Ö ¦¨§´¨ „Ÿ‘ [15, 16].

4. Š‚�‡ˆ„…‹…�ˆ… ‚ Œ�„…‹ˆ „Ÿ‘

„²Ö µ¶¨¸ ´¨Ö § ·Ö¤µ¢ÒÌ ¨ ³ ¸¸µ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ¶·µ¤Ê±Éµ¢ ±¢ §¨¤¥²¥-
´¨Ö ³Ò ¢¶¥·¢Ò¥ ÊÎ²¨ · ¸¶ ¤ „Ÿ‘ ¢ Ê· ¢´¥´¨¨ ¤²Ö ¢¥·µÖÉ´µ¸É¨ PZ(t) ´ °É¨
¸¨¸É¥³Ê ¢ ³µ³¥´É ¢·¥³¥´¨ t ¢ ¸µ¸ÉµÖ´¨¨, ±µ£¤  ²¥£±¨° Ë· £³¥´É ¨³¥¥É § -
·Ö¤ Z:

∂PZ(t)
∂t

= ∆(−)
Z+1 PZ+1(t) + ∆(+)

Z−1 PZ−1(t) − (∆(+)
Z + ∆(−)

Z + Λqf
Z )PZ(t),

(5)

�¨¸. 2. � ¸¸Î¨É ´´µ¥ § ·Ö¤µ¢µ¥ · ¸-
¶·¥¤¥²¥´¨¥ ¶·µ¤Ê±Éµ¢ ±¢ §¨¤¥²¥´¨Ö
¢ ·¥ ±Í¨¨ 48Ca + 238U → 286112
¶·¨ Ô´¥·£¨¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¥° Ô´¥·-
£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¸µ¸É ¢´µ£µ Ö¤· 
33 ŒÔ‚

£¤¥ É· ´¸¶µ·É´Ò¥ ±µÔËË¨Í¥´ÉÒ ∆(±)
Z ¢Ò-

Î¨¸²ÖÕÉ¸Ö ³¨±·µ¸±µ¶¨Î¥¸±¨, ¨ ¢¥·µÖÉ-
´µ¸ÉÓ · ¸¶ ¤  ¢ ¥¤¨´¨ÍÊ ¢·¥³¥´¨ Λqf

Z

µ¶·¥¤¥²Ö¥É¸Ö Ëµ·³Ê²µ° Š· ³¥·¸ , ±µ£¤ 
¨§¢¥¸É¥´ ¡ ·Ó¥· ±¢ §¨¤¥²¥´¨Ö ± ± ËÊ´±-
Í¨Ö Z. �·¨³¥· · ¸Î¥É  § ·Ö¤µ¢µ£µ · ¸-

¶·¥¤¥²¥´¨Ö YZ(t0) = Λqf
Z

t0∫

0

PZ(t)dt, £¤¥

t0 Å ¢·¥³Ö ·¥ ±Í¨¨, ¶µ± § ´ ´  ·¨¸. 2 ¤²Ö
·¥ ±Í¨¨ 48Ca + 238U → 286112. ˆ§ ¶·µ-
¢¥¤¥´´ÒÌ ¢ÒÎ¨¸²¥´¨° ¸²¥¤Ê¥É, ÎÉµ t0 ≈
(3−4) · 10−20 c, ¨ ³µ¤¥²Ó ¤µ¸É ÉµÎ´µ Ìµ-
·µÏµ µ¶¨¸Ò¢ ¥É Ô±¸¶¥·¨³¥´É, ¤¥³µ´¸É·¨-
·ÊÖ ¢ ¦´µ¸ÉÓ ÊÎ¥É  ¸É·Ê±ÉÊ·Ò Ö¤¥· ¶·¨
· ¸¸³µÉ·¥´¨¨ ¤¨´ ³¨±¨ „Ÿ‘.
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5. „ˆ””“‡ˆ���›… ��„•�„› Š ��ˆ‘��ˆ� „Ÿ‘

�  µ¸´µ¢¥ µ¡Ð¥° Ëµ·³Ò ³ ¸É¥·-Ê· ¢´¥´¨Ö ¤²Ö µÉ±·ÒÉÒÌ ±¢ ´Éµ¢ÒÌ ¸¨-
¸É¥³ · ¸¸³µÉ·¥´µ ÉÊ´´¥²¨·µ¢ ´¨¥ Î¥·¥§ ¶µÉ¥´Í¨ ²Ó´Ò° ¡ ·Ó¥· [17, 18]. �µ-
²ÊÎ¥´µ ¶·µ¸Éµ¥ ¢Ò· ¦¥´¨¥ § ³±´ÊÉµ° Ëµ·³Ò ¤²Ö ¶µÉµ±  Î¥·¥§ ¶ · ¡µ²¨Î¥-
¸±¨° ¡ ·Ó¥· ¸ ¶µ³µÐÓÕ É¥Ì´¨±¨ ¨´É¥£· ²µ¢ ¶µ ¶ÊÉÖ³. ’Ê´´¥²¨·µ¢ ´¨¥ ¢
µÉ±·ÒÉÒÌ ±¢ ´Éµ¢ÒÌ ¸¨¸É¥³ Ì ¸¨²Ó´µ § ¢¨¸¨É µÉ ¸¢Ö§¨ ¸µ ¸·¥¤µ°. ŒÒ µ¡´ -
·Ê¦¨²¨, ÎÉµ ¶·¨ µ¶·¥¤¥²¥´´ÒÌ µ¡¸ÉµÖÉ¥²Ó¸É¢ Ì É·¥´¨¥ ¸¶µ¸µ¡¸É¢Ê¥É ÉÊ´´¥-
²¨·µ¢ ´¨Õ Î¥·¥§ ¡ ·Ó¥·, ´µ Ê³¥´ÓÏ ¥É ¶·µÌµ¦¤¥´¨¥ Î¥·¥§ ¡ ·Ó¥· ¤²Ö Ô´¥·-
£¨° ¢ÒÏ¥ ¡ ·Ó¥· . ‚ ± Î¥¸É¢¥ ¶·¨²µ¦¥´¨Ö · ¸¸Î¨É ´ · ¸¶ ¤ ³¥É ¸É ¡¨²Ó´µ£µ
Ö¤¥·´µ£µ ¸µ¸ÉµÖ´¨Ö.

‡�Š‹�—…�ˆ…

� ³¨ ¶µ²ÊÎ¥´Ò ¸²¥¤ÊÕÐ¨¥ ·¥§Ê²ÓÉ ÉÒ.
Å ‘µ§¤ ´  ¶·¨´Í¨¶¨ ²Ó´µ ´µ¢ Ö ³µ¤¥²Ó ¸²¨Ö´¨Ö Ö¤¥·, ±µÉµ· Ö Ìµ·µÏµ

µ¶¨¸Ò¢ ¥É Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¨ ¤¥³µ´¸É·¨·Ê¥É ·¥Ï ÕÐÊÕ ·µ²Ó ±¢ -
§¨¤¥²¥´¨Ö ¢ Ê³¥´ÓÏ¥´¨¨ ¸¥Î¥´¨Ö ¸²¨Ö´¨Ö ÉÖ¦¥²ÒÌ Ö¤¥·. � ¸¸Î¨É ´Ò ¸¥Î¥´¨Ö
µ¡· §µ¢ ´¨Ö ¸¢¥·ÌÉÖ¦¥²ÒÌ Ö¤¥· ¢ ·¥ ±Í¨ÖÌ Ìµ²µ¤´µ£µ ¨ £µ·ÖÎ¥£µ ¸²¨Ö´¨Ö.

Å �·¥¤²µ¦¥´ ³¥Éµ¤ ¤²Ö · ¸Î¥É  § ·Ö¤µ¢ÒÌ ¨ ³ ¸¸µ¢ÒÌ · ¸¶·¥¤¥²¥´¨°
¶·µ¤Ê±Éµ¢ ±¢ §¨¤¥²¥´¨Ö.

Å ˆ¸¸²¥¤µ¢ ´  § ¢¨¸¨³µ¸ÉÓ ¶·µ´¨Í ¥³µ¸É¨ ¡ ·Ó¥·  µÉ É·¥´¨Ö ¢ Ö¤¥·´ÒÌ
¸¨¸É¥³ Ì.

Å Œµ¤¥²Ó „Ÿ‘ Ê¸¶¥Ï´µ ¨¸¶µ²Ó§Ê¥É¸Ö ¢ µ¶¨¸ ´¨¨ ¸¨²Ó´µ¤¥Ëµ·³¨·µ¢ ´-
´ÒÌ Ö¤¥·´ÒÌ ¸µ¸ÉµÖ´¨° [19] ¨ µ±ÉÊ¶µ²Ó´ÒÌ ¢¨¡· Í¨°.
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