
P11-2004-149

ˆ. ‚. �³¨·Ì ´µ¢, �. ‘. ƒ ²µÖ´, …. ‚. ‡¥³²Ö´ Ö,
�. �µ²Ö´¸±¨°, ’. �. �Ê§Ò´¨´ , ‚. ‚. “¦¨´¸±¨°

—ˆ‘‹…��›‰ ���‹ˆ‡ ‚‡�ˆŒ�„…‰‘’‚ˆ‰

—�‘’ˆ– ‘ Ÿ„��Œˆ ‚ ��ŒŠ�• Œ�„…‹ˆ

Š‚��’�‚�‰ Œ�‹…Š“‹Ÿ���‰ „ˆ��ŒˆŠˆ



�³¨·Ì ´µ¢ ˆ. ‚. ¨ ¤·. P11-2004-149
—¨¸²¥´´Ò°  ´ ²¨§ ¢§ ¨³µ¤¥°¸É¢¨° Î ¸É¨Í ¸ Ö¤· ³¨ ¢ · ³± Ì ³µ¤¥²¨
±¢ ´Éµ¢µ° ³µ²¥±Ê²Ö·´µ° ¤¨´ ³¨±¨

� ¸¸³µÉ·¥´Ò ±µ³¡¨´ Í¨¨ ³µ¤¥²¨ QMD ¸ · §²¨Î´Ò³¨ ³µ¤¥²Ö³¨ ¤¥¢µ§¡Ê¦¤¥-
´¨Ö µ¸É ÉµÎ´ÒÌ Ö¤¥·. “ÉµÎ´¥´Ò ¶ · ³¥É·Ò ³µ¤¥²¨ QMD, ¨ ¢Ò¶µ²´¥´Ò · ¸-
Î¥ÉÒ ¸¶¥±É·µ¢ ´¥°É·µ´µ¢ ¢  ¤·µ´-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ. ‘µ¶µ¸É ¢²¥´¨¥
¶µ²ÊÎ¥´´ÒÌ Î¨¸²¥´´ÒÌ ·¥§Ê²ÓÉ Éµ¢ ¸  ´ ²µ£¨Î´Ò³¨ · ¸Î¥É ³¨ ¶µ ± ¸± ¤´µ-
¨¸¶ ·¨É¥²Ó´µ° ³µ¤¥²¨ ¨ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶µ± § ²µ, ÎÉµ · ¸Î¥ÉÒ
¶µ ¤¢Ê³ ³µ¤¥²Ö³ ¸µ£² ¸ÊÕÉ¸Ö ³¥¦¤Ê ¸µ¡µ° ¨ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶·¨
Ô´¥·£¨ÖÌ ´ ²¥É ÕÐ¨Ì Î ¸É¨Í ³¥´ÓÏ¥ 200Ä300 ŒÔ‚ ¢ ¡Ò¸É·µ° Î ¸É¨ ¸¶¥±É·µ¢
´¥°É·µ´µ¢. � ¸¸Î¨É ´Ò ¸¥Î¥´¨Ö ¢ÒÌµ¤µ¢ ¨§µÉµ¶µ¢ ¢µ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ ´¥°É·µ´µ¢
¸ · ¤¨µ ±É¨¢´Ò³¨ ¨§µÉµ¶ ³¨ °µ¤ ,  ³¥·¨Í¨Ö, ¶²ÊÉµ´¨Ö ¨ ¤·.

� ¡µÉ  ¢Ò¶µ²´¥´  ¢ ‹ ¡µ· Éµ·¨¨ ¨´Ëµ·³ Í¨µ´´ÒÌ É¥Ì´µ²µ£¨° �ˆŸˆ.

Cµµ¡Ð¥´¨¥ �¡Ñ¥¤¨´¥´´µ£µ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°. „Ê¡´ , 2004

Amirkhanov I. V. et al. P11-2004-149
Numerical Analysis of Particle Interactions with Nuclei in the Framework
of Quantum Molecular Dynamic Model

Combinations of the QMD model with various models of nuclear residual de-
excitation are considered. The QMD model parameters are ˇtted; neutron spectra
in hadronÄnucleus interactions are calculated. The numerical results were compared
with analogous calculations by the cascade-evaporation model and with experimental
data. The comparison shows that the numerical results are in agreement between each
other and with the experimental data for the energies of projectile particles lower
than 200Ä300 MeV for fast neutrons. Cross-sections of isotope yields in the neutron
interactions with radioactive iodine, americium, plutonium and others isotopes have
been calculated.

The investigation has been performed at the Laboratory of Information Tech-
nologies, JINR.
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�¡Ð¥¶·¨§´ ´´µ° É¥µ·¥É¨Î¥¸±µ° µ¸´µ¢µ° ³µ¤¥²¨·µ¢ ´¨Ö Ö¤¥·´ÒÌ ·¥ ±-
Í¨° ¶·¨ ¶·µ³¥¦ÊÉµÎ´ÒÌ (200 < T < 2000 ŒÔ‚) Ô´¥·£¨ÖÌ Ö¢²Ö¥É¸Ö ± ¸± ¤´µ-
¨¸¶ ·¨É¥²Ó´ Ö ³µ¤¥²Ó (ŠˆŒ) [1]. •µ·µÏµ ¨§¢¥¸É´Ò ¥¥ ¤µ¸Éµ¨´¸É¢  ¨ ´¥¤µ-
¸É É±¨: ¨¸¶µ²Ó§µ¢ ´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´µ ¨§³¥·¥´´ÒÌ Ì · ±É¥·¨¸É¨±  ¤·µ´-
 ¤·µ´´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°, ¸· ¢´¨É¥²Ó´µ ¶·µ¸Éµ° · ¸Î¥É´Ò°  ¶¶ · É ³µ¤¥²¨,
Ô±¸±²Õ§¨¢´µ¥ µ¶¨¸ ´¨¥ ·¥ ±Í¨°, ¶·¥´¥¡·¥¦¥´¨¥ ¶µÉ¥´Í¨ ²Ó´Ò³¨ ¨ ±µ²²¥±-
É¨¢´Ò³¨ ¢§ ¨³µ¤¥°¸É¢¨Ö³¨, µÉ¸ÊÉ¸É¢¨¥ ÊÎ¥É  ³Ê²ÓÉ¨Ë· £³¥´É Í¨¨ Ö¤¥·, ´¥-
µ¡Ìµ¤¨³µ¸ÉÓ ³µ¤¥²¨·µ¢ ´¨Ö ¶·¥¤· ¢´µ¢¥¸´ÒÌ ¶·µÍ¥¸¸µ¢ ¨ É. ¤. �µÔÉµ³Ê ¶·¥¤-
¶·¨´¨³ ²¨¸Ó ¨ ¶·¥¤¶·¨´¨³ ÕÉ¸Ö Ê¸¨²¨Ö, ¸ µ¤´µ° ¸Éµ·µ´Ò, Ê³¥´ÓÏ¨ÉÓ ´¨¦-
´¨° ¶µ·µ£ µ¡² ¸É¨ ¶·¨³¥´¨³µ¸É¨ ³µ¤¥²¨, ¸ ¤·Ê£µ° Å ÊÎ¥¸ÉÓ ³Ê²ÓÉ¨Ë· £³¥´-
É Í¨Õ Ö¤¥·. �¥·¢µ¥ ´ ¶· ¢²¥´¨¥ ·¥ ²¨§Ê¥É¸Ö ¢ · ³± Ì · §²¨Î´ÒÌ ³µ¤¥²¥°
±¢ ´Éµ¢µ° ³µ²¥±Ê²Ö·´µ° ¤¨´ ³¨±¨ [2Ä4], ±µÉµ·Ò¥ ÊÎ¨ÉÒ¢ ÕÉ ¶µÉ¥´Í¨ ²Ó´Ò¥
¢§ ¨³µ¤¥°¸É¢¨Ö ¨ ¶µ§¢µ²ÖÕÉ ¨³¨É¨·µ¢ ÉÓ ¶·¥¤· ¢´µ¢¥¸´Ò¥ ¶·µÍ¥¸¸Ò. � ¨-
¡µ²¥¥ Ö·±¨³ ¶·¥¤¸É ¢¨É¥²¥³ ¢Éµ·µ£µ ´ ¶· ¢²¥´¨Ö Ö¢²Ö¥É¸Ö ¸É É¨¸É¨Î¥¸± Ö
³µ¤¥²Ó ³Ê²ÓÉ¨Ë· £³¥´É Í¨¨ Ö¤¥· [5], ±µÉµ· Ö ¶µ§¢µ²Ö¥É µ¶¨¸ ÉÓ µ¡· §µ¢ ´¨¥
²¥£±¨Ì ¨ ÉÖ¦¥²ÒÌ ¨§µÉµ¶µ¢ ¢ Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ. �´ ²µ£¨Î´Ò¥ ¢µ§³µ¦´µ¸É¨
¤ ÕÉ ¸µ¢·¥³¥´´Ò¥ ¨¸¶ ·¨É¥²Ó´Ò¥ ³µ¤¥²¨, ¢ Î ¸É´µ¸É¨ ³µ¤¥²Ó GEM [6].

‚ ´ ¸ÉµÖÐ¥° · ¡µÉ¥ ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´µ£µ  ´ ²¨§  Ì · ±-
É¥·¨¸É¨± Ö¤¥·´ÒÌ ·¥ ±Í¨° ¢ · ³± Ì ±¢ ´Éµ¢µ£µ ³µ²¥±Ê²Ö·´µ-¤¨´ ³¨Î¥¸±µ£µ
¶µ¤Ìµ¤  (quantum molecular dynamics Å QMD). –¥²Ó ¨¸¸²¥¤µ¢ ´¨Ö ¸µ¸ÉµÖ²  ¢
É¥¸É¨·µ¢ ´¨¨ ¨  ¶·µ¡ Í¨¨ ¶·µ£· ³³´ÒÌ ¶·µ¤Ê±Éµ¢, ·¥ ²¨§ÊÕÐ¨Ì · §²¨Î´Ò¥
É¥µ·¥É¨Î¥¸±¨¥ ³µ¤¥²¨, ¢ ¢ÒÖ¢²¥´¨¨ ¨Ì ¤µ¸Éµ¨´¸É¢ ¨ ´¥¤µ¸É É±µ¢, µ¶·¥¤¥²¥-
´¨¨ ¶µ·µ£  ¶·¨³¥´¨³µ¸É¨ ¨, ¢ ±µ´¥Î´µ³ ¨Éµ£¥, ¢ ¢Ò¡µ·¥  ¤¥±¢ É´ÒÌ ¶µ¤Ìµ¤µ¢
¤²Ö ³µ¤¥²¨·µ¢ ´¨Ö Ì · ±É¥·¨¸É¨± Ô²¥±É·µÖ¤¥·´ÒÌ Ê¸É ´µ¢µ±.

‚ ± Î¥¸É¢¥ ¡ §µ¢µ° QMD-³µ¤¥²¨ ¡Ò²  ¢Ò¡· ´  ¶·µ£· ³³´ Ö ·¥ ²¨§ -
Í¨Ö [7] (¶ ±¥É CHIMERA). ˆ¸Ìµ¤´ Ö ¶·µ£· ³³  CHIMERA ¡Ò²  ¸ÊÐ¥¸É¢¥´´µ
³µ¤¥·´¨§¨·µ¢ ´ . ‡  ¸Î¥É ³µ¤¨Ë¨± Í¨¨ ¢ÒÎ¨¸²¨É¥²Ó´µ° ¸Ì¥³Ò ¨ µ¶É¨³¨§ -
Í¨¨ Ëµ·É· ´´µ£µ ±µ¤  · ¡µÉ  ¶·µ£· ³³Ò Ê¸±µ·¥´  ¶·¨¡²¨§¨É¥²Ó´µ ¢ 3 · § .
� §· ¡µÉ ´  É ±¦¥ ¢¥·¸¨Ö ¶·µ£· ³³Ò ¤²Ö § ¶Ê¸±  ´  ¶ · ²²¥²Ó´ÒÌ ¢ÒÎ¨¸²¨-
É¥²Ó´ÒÌ ¸¨¸É¥³ Ì ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ É¥Ì´µ²µ£¨¨ MPI.

„²Ö · ¸Î¥Éµ¢ ¶µ ŠˆŒ ¨¸¶µ²Ó§µ¢ ² ¸Ó ¢¥·¸¨Ö, µ¶¨¸ ´´ Ö ¢ [8]. � ¸¸Î¨-
É ´´Ò¥ Ì · ±É¥·¨¸É¨±¨ ¸· ¢´¨¢ ²¨¸Ó ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨, µ¶Ê-
¡²¨±µ¢ ´´Ò³¨ ¢ · ¡µÉ Ì [9Ä12].
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�Ò²¨ ¢Ò¶µ²´¥´Ò ³´µ£µÎ¨¸²¥´´Ò¥ · ¸Î¥ÉÒ ¢ÒÌµ¤µ¢ ¶·µÉµ´µ¢ ¨ ´¥°É·µ-
´µ¢ ¢ pA-¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¢ · ³± Ì ŠˆŒ. �  µ¸´µ¢ ´¨¨ ¸· ¢´¥´¨Ö ¸ ´ ±µ¶-
²¥´´Ò³¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ Ê¸É ´µ¢²¥´µ, ÎÉµ ŠˆŒ Ê¤µ¢²¥É¢µ·¨-
É¥²Ó´µ µ¶¨¸Ò¢ ¥É ¸¶¥±É·Ò ´¥°É·µ´µ¢ ¸ Ô´¥·£¨¥° ¡µ²ÓÏ¥ 10 ŒÔ‚ ¢ ¤¨ ¶ §µ´¥
Ô´¥·£¨° ´ ²¥É ÕÐ¨Ì ¶·µÉµ´µ¢ 200Ä2000 ŒÔ‚, ¨ µ´¨ ´ Ìµ¤ÖÉ¸Ö ¢ ¸µ£² ¸¨¨
¸ · ¸Î¥É ³¨ ¶µ QMD-³µ¤¥²¨ (¸³. ·¨¸. 1). �·¨ ÔÉµ³, µ¤´ ±µ, ¤ ´´ Ö ³µ¤¥²Ó
´¥¤µµÍ¥´¨¢ ¥É ¢ÒÌµ¤ Î ¸É¨Í ¸ Ô´¥·£¨¥° ³¥´ÓÏ¥ 10 ŒÔ‚.

‚ÒÎ¨¸²¨É¥²Ó´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¶µ± § ²¨, ÎÉµ ¢ ¨¸¶ ·¨É¥²Ó´µ° ³µ¤¥²¨ ´¥
¸µÌ· ´ÖÕÉ¸Ö Ô´¥·£¨Ö ¨ ¨³¶Ê²Ó¸,   ¸¶¥±É· ³ ¸¸ Ë· £³¥´Éµ¢, µ¡· §ÊÕÐ¨Ì¸Ö ¢µ
¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¸ ÉÖ¦¥²Ò³¨ Ö¤· ³¨, ¨³¥¥É ¤¢ÊÌ¶¨±µ¢ÊÕ ¸É·Ê±ÉÊ·Ê, ´¥ ¸µ£² -
¸ÊÕÐÊÕ¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ GSI (ƒ¥·³ ´¨Ö). �É¨ ·¥§Ê²ÓÉ ÉÒ
¤ ²¨ ¤µ¶µ²´¨É¥²Ó´Ò° ¸É¨³Ê² ¤²Ö ¨§ÊÎ¥´¨Ö ¨ ¶µ¨¸±   ¤¥±¢ É´µ° ³µ¤¥²¨ ¨¸-
¶ ·¥´¨Ö ¨ ¤¥²¥´¨Ö ÉÖ¦¥²ÒÌ Ö¤¥·.

�É³¥É¨³, ÎÉµ ¢ ¨¸¶µ²Ó§Ê¥³µ° ŠˆŒ ¤¥¢µ§¡Ê¦¤¥´¨¥ µ¸É ÉµÎ´ÒÌ Ö¤¥· · ¸-
¸³ É·¨¢ ¥É¸Ö ¢ · ³± Ì ³µ¤¥²¨ ‚ °¸±µ¶Ë  [13].

� ¨¡µ²¥¥ ¸ÊÐ¥¸É¢¥´´Ò³¨ ¶ · ³¥É· ³¨ ³µ¤¥²¨ QMD Ö¢²ÖÕÉ¸Ö: ¢·¥³Ö
Ô¢µ²ÕÍ¨¨ t, ¶µ¸²¥ ±µÉµ·µ£µ ¶·¨³¥´Ö¥É¸Ö ¸É É¨¸É¨Î¥¸± Ö ³µ¤¥²Ó ¤¥¢µ§¡Ê¦¤¥-
´¨Ö Ö¤¥·-µ¸É É±µ¢, Ï £ ¨´É¥£·¨·µ¢ ´¨Ö dt ¨ · ¤¨Ê¸ ±² ¸É¥·¨§ Í¨¨ Rc.

�¨¸. 1. „¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ¢ÒÌµ¤µ¢ ´¥°É·µ´µ¢ ¢ ¸· ¢´¥´¨¨ ¸ · ¸Î¥É ³¨ ¶µ
ŠˆŒ ¨ ¶µ ³µ¤¥²¨ QMD
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�¨¸. 2. ‡ ¢¨¸¨³µ¸ÉÓ ¸¶¥±É·  ´¥°É·µ´µ¢ µÉ ¢·¥³¥´¨ Ô¢µ²ÕÍ¨¨

‚ · ¡µÉ¥ [12] ¢·¥³Ö t ¡Ò²µ ¢Ò¡· ´µ · ¢´Ò³ 100 Ë³/¸ ´  µ¸´µ¢ ´¨¨
¸· ¢´¥´¨Ö Ô´¥·£¥É¨Î¥¸±¨Ì ¸¶¥±É·µ¢ ´¥°É·µ´µ¢ ¢ ·¥ ±Í¨¨ Pb(p, xn) ¶·¨ Ep =
1500 ŒÔ‚, · ¸¸Î¨É ´´ÒÌ ¶·¨ t = 50, 100 ¨ 150 Ë³/¸. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¢
[14] ¶·¨ ¨§ÊÎ¥´¨¨ Ö¤·µ-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¶·¨ Ô´¥·£¨ÖÌ ¶µ·Ö¤±  30Ä
40 ŒÔ‚/´Ê±²µ´ µÉ³¥Î ²µ¸Ó, ÎÉµ ¢·¥³Ö t ³µ¦¥É § ¢¨¸¥ÉÓ µÉ Ô´¥·£¨¨ ¨ ³ ¸¸Ò
Ö¤· -¸´ ·Ö¤  ¨ Ö¤· -³¨Ï¥´¨.

� ¸Î¥ÉÒ ¸¶¥±É·µ¢ ´¥°É·µ´µ¢ ¶·¨ · §²¨Î´ÒÌ Ê£² Ì ¨¸¶Ê¸± ´¨Ö ¢ ·¥ ±Í¨ÖÌ
Fe(p, xn) ¶·¨ Ep = 113 ŒÔ‚ ¨ Pb(p, xn) ¶·¨ Ep = 256 ŒÔ‚ ¢ · ¡µÉ¥ [12]
¶·µ¢µ¤¨²¨¸Ó ¶·¨ t = 100 Ë³/¸, ¶·¨ ÔÉµ³ ¡Ò²µ ¤µ¸É¨£´ÊÉµ Ê¤µ¢²¥É¢µ·¨É¥²Ó-
´µ¥ µ¶¨¸ ´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. �µ¸±µ²Ó±Ê ¨¸¶µ²Ó§µ¢ ´´ Ö ´ ³¨
¶·µ£· ³³´ Ö ·¥ ²¨§ Í¨Ö ³µ¤¥²¨ µÉ²¨Î ¥É¸Ö µÉ ·¥ ²¨§ Í¨¨ ¢ [12], ¢µ§´¨±² 
´¥µ¡Ìµ¤¨³µ¸ÉÓ  ¤¥±¢ É´µ£µ ¢Ò¡µ·  ¶ · ³¥É·  t. ‘ ÔÉµ° Í¥²ÓÕ ¶·µ¢µ¤¨²¨¸Ó
· ¸Î¥ÉÒ ¨ ¸· ¢´¥´¨¥ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ Ô´¥·£¥É¨Î¥¸±¨Ì ¸¶¥±-
É·µ¢ ´¥°É·µ´µ¢ ¢ · §²¨Î´ÒÌ ·¥ ±Í¨ÖÌ. �·¨³¥· É ±µ£µ · ¸Î¥É  ¤²Ö Ne(p, xn),
Ep = 300 ŒÔ‚ ¶·¨ t = 50, 100, 200 ¨ 400 Ë³/¸ ¶·¨¢¥¤¥´ ´  ·¨¸. 2. Š ±
¢¨¤´µ, ¶·¨ t = 50 Ë³/¸ ´ ¡²Õ¤ ¥É¸Ö Ö¢´µ ´¥¤µ¸É ÉµÎ´Ò° ¢ÒÌµ¤ ´¥°É·µ´µ¢ ¸
Ô´¥·£¨Ö³¨ ¤µ 6 ŒÔ‚ ¨ § ¢ÒÏ¥´´Ò° ¢ÒÌµ¤ ´¥°É·µ´µ¢ ¸ Ô´¥·£¨Ö³¨ 6Ä20 ŒÔ‚.
�·¨ t = 200 Ë³/¸ ¨³¥¥É ³¥¸Éµ µ¡Ð¥¥ Ê¢¥²¨Î¥´¨¥ ¢ÒÌµ¤  ´¥°É·µ´µ¢, ¶·¨ ÔÉµ³
¤µ¸É¨£ ÕÉ¸Ö · §Ê³´Ò¥ §´ Î¥´¨Ö ¸¶¥±É·µ¢ ¶·¨ ³ ²ÒÌ Ô´¥·£¨ÖÌ. � ¸Î¥ÉÒ ¤²Ö
ÉÖ¦¥²ÒÌ Ö¤¥· ³ ²µÎÊ¢¸É¢¨É¥²Ó´Ò ± ÔÉµ³Ê ¶ · ³¥É·Ê ³µ¤¥²¨.

˜ £ ¨´É¥£·¨·µ¢ ´¨Ö dt ¶· ±É¨Î¥¸±¨ ´¥ µ¡¸Ê¦¤ ¥É¸Ö ¢ Ê¶µ³Ö´ÊÉÒÌ · -
¡µÉ Ì. ’¥³ ´¥ ³¥´¥¥, ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ¤µ²¦´Ò § ¢¨¸¥ÉÓ µÉ ¥£µ ¢¥²¨-
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Î¨´Ò, ¶µ¸±µ²Ó±Ê ³µ¤¥²Ó ÊÎ¨ÉÒ¢ ¥É ´¥ Éµ²Ó±µ ¶µÉ¥´Í¨ ²Ó´Ò¥ ¢§ ¨³µ¤¥°¸É¢¨Ö,
´µ ¨ ¸ÉµÌ ¸É¨Î¥¸±¨¥ ¸µÊ¤ ·¥´¨Ö. � ¸Î¥ÉÒ ¶µ± § ²¨, ÎÉµ ÔÉµ ¤¥°¸É¢¨É¥²Ó´µ
¨³¥¥É ³¥¸Éµ. —¨¸²¥´´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¶µ± § ²¨, ÎÉµ · ¸Î¥ÉÒ ¤²Ö ²¥£±¨Ì Ö¤¥·
¸¨²Ó´µ § ¢¨¸ÖÉ µÉ ¢¥²¨Î¨´Ò Ï £  ¨´É¥£·¨·µ¢ ´¨Ö, ¢ Éµ ¢·¥³Ö ± ± · ¸Î¥ÉÒ ¤²Ö
ÉÖ¦¥²ÒÌ Ö¤¥· ³ ²µÎÊ¢¸É¢¨É¥²Ó´Ò ± ÔÉµ³Ê ¶ · ³¥É·Ê.

�µ ·¥§Ê²ÓÉ É ³ É¥¸Éµ¢ÒÌ · ¸Î¥Éµ¢ ¢Ò¡· ´Ò ¸²¥¤ÊÕÐ¨¥ §´ Î¥´¨Ö µ¸´µ¢-
´ÒÌ ¶ · ³¥É·µ¢ ¤²Ö ÉÖ¦¥²ÒÌ Ö¤¥·: t = 120 Ë³/¸; dt = 0,4 Ë³/¸; Rc = 3 Ë³.
„²Ö ³µ¤¥²¨·µ¢ ´¨Ö ¤¥¢µ§¡Ê¦¤¥´¨Ö µ¸É ÉµÎ´ÒÌ Ö¤¥· ´  ¶¥·¢µ³ ÔÉ ¶¥ ¨¸¶µ²Ó-
§µ¢ ² ¸Ó ³µ¤¥²Ó ‚ °¸±µ¶Ë  [13].

‘¤¥² ´´Ò¥ ´ ³¨ · ¸Î¥ÉÒ ¢ÒÌµ¤  ´¥°É·µ´µ¢ ¢ ·¥ ±Í¨¨ p+Fe ¶·¨ Ô´¥·£¨¨
113 ŒÔ‚ µ± § ²¨¸Ó ¡²¨§±¨ ± · ´¥¥ µ¶Ê¡²¨±µ¢ ´´Ò³ ¤ ´´Ò³ [14]. �·µ¢¥-
·¥´µ, ÎÉµ ¢ · ³± Ì · ¸¸³ É·¨¢ ¥³µ° ³µ¤¥²¨ ¸¥Î¥´¨¥ ¢§ ¨³µ¤¥°¸É¢¨° ¸ ÌµÉÖ
¡Ò µ¤´¨³ ´Ê±²µ´-´Ê±²µ´´Ò³ ¸µÊ¤ ·¥´¨¥³, ´¥¡²µ±¨·µ¢ ´´Ò³ ¶·¨´Í¨¶µ³ � -
Ê²¨, ¡²¨§±µ ± Ô±¸¶¥·¨³¥´É ²Ó´µ ¨§³¥·Ö¥³Ò³ ¸¥Î¥´¨Ö³. �Éµ ¶µ§¢µ²Ö¥É µ¸Ê-
Ð¥¸É¢²ÖÉÓ ¶· ¢¨²Ó´ÊÕ ´µ·³¨·µ¢±Ê · ¸Î¥Éµ¢.

‘ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¢Ò¡· ´´ÒÌ ¶ · ³¥É·µ¢ ¡Ò²¨ ¢Ò¶µ²´¥´Ò · ¸Î¥ÉÒ ¢Ò-
Ìµ¤  ´¥°É·µ´µ¢ ¢ · §²¨Î´ÒÌ ´Ê±²µ´-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ. �µ± § ´µ, ÎÉµ
· ¸¸³µÉ·¥´´ Ö ±µ³¡¨´ Í¨Ö QMD-³µ¤¥²¨ ¨ ¨¸¶ ·¨É¥²Ó´µ° ³µ¤¥²¨ ¤¥¢µ§¡Ê-
¦¤¥´¨Ö Ö¤¥· ¶µ§¢µ²Ö¥É Ìµ·µÏµ ¢µ¸¶·µ¨§¢µ¤¨ÉÓ ¸¶¥±É·Ò ¢Éµ·¨Î´ÒÌ ¶·µÉµ´µ¢
¨ ´¥°É·µ´µ¢ ¤µ Ô´¥·£¨° ´ ²¥É ÕÐ¨Ì Î ¸É¨Í ∼ 200 ŒÔ‚. �·¨ ¡µ²¥¥ ¢Ò¸µ-
±¨Ì Ô´¥·£¨ÖÌ ´ ¡²Õ¤ ÕÉ¸Ö · ¸Ìµ¦¤¥´¨Ö ³¥¦¤Ê · ¸Î¥É ³¨ ¨ Ô±¸¶¥·¨³¥´Éµ³ ¢
¡Ò¸É·µ° Î ¸É¨ ¸¶¥±É· , ÎÉµ µ¡Ê¸²µ¢²¥´µ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¢ QMD-³µ¤¥²¨ ¨§µ-
É·µ¶´µ£µ · ¸¸¥Ö´¨Ö ´Ê±²µ´µ¢ ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ NN -¸µÊ¤ ·¥´¨°. �·¨³¥·
· ¸Î¥É  ¤²Ö ÉÖ¦¥²µ£µ Ö¤·  ¶·¨¢¥¤¥´ ´  ·¨¸. 1.

‚Ò¶µ²´¥´Ò É ±¦¥ · ¸Î¥ÉÒ ¢ÒÌµ¤µ¢ ´¥°É·µ´µ¢ ¢ ¸²¥¤ÊÕÐ¨Ì ·¥ ±Í¨ÖÌ:
27Al(p, xn)X , Ep = 800 ŒÔ‚; 56Fe(p, xn)X , Ep = 113 ŒÔ‚; 56Fe(p, xn)X ,
Ep = 597 ŒÔ‚; 58Ni(p, xp)X , Ep = 120 ŒÔ‚; 208Pb(p, xn)X , Ep = 800 ŒÔ‚.
Š Î¥¸É¢µ µ¶¨¸ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¤²Ö ¢¸¥Ì ÔÉ¨Ì ·¥ ±Í¨° ¶·¨-
³¥·´µ É ±µ¥ ¦¥, ± ± ¨ ´  ·¨¸. 1.

�·¥¤¶·¨´¨³ ²¨¸Ó É ±¦¥ Ê¸¨²¨Ö ¶µ ÊÎ¥ÉÊ ¨¸¶ ·¥´¨Ö ¨ ¤¥²¥´¨Ö Ö¤¥·-
µ¸É É±µ¢ ¢ · ³± Ì ¨§¢¥¸É´µ° ³µ¤¥²¨ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±µ° ±¢ ´Éµ¢µ° ³µ-
²¥±Ê²Ö·´µ° ¤¨´ ³¨±¨ Å UrQMD [3]. �É  ³µ¤¥²Ó ¶µ§¢µ²Ö¥É ³µ¤¥²¨·µ¢ ÉÓ
¡Ò¸É·ÊÕ ¸É ¤¨Õ ¢§ ¨³µ¤¥°¸É¢¨°  ¤·µ´µ¢ ¨ Ö¤¥· ¸ Ö¤· ³¨ ¢ ¤¨ ¶ §µ´¥ Ô´¥·-
£¨° 1Ä200 ƒÔ‚/´Ê±²µ´, ¨ ¶·¥¤¸É ¢²Ö¥É¸Ö ¶¥·¸¶¥±É¨¢´Ò³ ¨¸¶µ²Ó§µ¢ ÉÓ ¥¥ ¤²Ö
³µ¤¥²¨·µ¢ ´¨Ö ¶·µÍ¥¸¸µ¢, ¢ Î ¸É´µ¸É¨ ¤²Ö · ¸Î¥Éµ¢ Ì · ±É¥·¨¸É¨± Ô²¥±É·µ-
Ö¤¥·´ÒÌ Ê¸É ´µ¢µ±. �µ²µ¦¨É¥²Ó´Ò° µ¶ÒÉ µ¡Ñ¥¤¨´¥´¨Ö ³µ¤¥²¨ UrQMD ¸ ³µ-
¤¥²ÓÕ ¨¸¶ ·¥´¨Ö ¨ ¤¥²¥´¨Ö Ö¤¥· ¡Ò² µ¶¨¸ ´ ¢ · ¡µÉ¥ [15].

‚ ´ Ï¨Ì ¢ÒÎ¨¸²¨É¥²Ó´ÒÌ Ô±¸¶¥·¨³¥´É Ì ¢ · ³± Ì ³µ¤¥²¨ UrQMD ¨¸-
¶µ²Ó§µ¢ ² ¸Ó ±² ¸¸¨Î¥¸± Ö ³µ¤¥²Ó ¨¸¶ ·¥´¨Ö £µ·ÖÎ¨Ì Ö¤¥· ‚ °¸±µ¶Ë  [13].
�·µ¢¥¤¥´Ò ¶·µ¡´Ò¥ · ¸Î¥ÉÒ Ì · ±É¥·¨¸É¨± ´¥°É·µ´µ¢ ¢ ¶·µÉµ´-Ö¤¥·´ÒÌ ¢§ -
¨³µ¤¥°¸É¢¨ÖÌ, ¶·¥¤¸É ¢²¥´´Ò¥ ´  ·¨¸. 3.
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�¨¸. 3. „¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ¢ÒÌµ¤µ¢ ´¥°É·µ´µ¢ ¢ ¸· ¢´¥´¨¨ ¸ · ¸Î¥É ³¨ ¶µ
³µ¤¥²¨ UrQMD. ’µÎ±¨ Å Ô±¸¶¥·¨³¥´É, £¨¸Éµ£· ³³Ò Å · ¸Î¥É

‚ Í¥²µ³ ³µ¦´µ § ±²ÕÎ¨ÉÓ, ÎÉµ · ¸Î¥ÉÒ ¸¶¥±É·µ¢ ´¥°É·µ´µ¢ ¨ ¶·µÉµ´µ¢
¶µ ³µ¤¥²Ö³ QMD ¨ ŠˆŒ ¸µ£² ¸ÊÕÉ¸Ö ± ± ³¥¦¤Ê ¸µ¡µ°, É ± ¨ ¸ Ô±¸¶¥·¨-
³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. �¡¥ ³µ¤¥²¨ Ìµ·µÏµ µ¶¨¸Ò¢ ÕÉ ¸¶¥±É· ´¥°É·µ´µ¢ ¸
Ô´¥·£¨¥° ¡µ²ÓÏ¥ 10Ä20 ŒÔ‚. ‚ÒÌµ¤ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì ´¥°É·µ´µ¢, ± ±
¡Ê¤¥É ¶µ± § ´µ ´¨¦¥, ¸¨²Ó´µ § ¢¨¸¨É µÉ ¢Ò¡µ·  ³µ¤¥²¨ ¨¸¶ ·¥´¨Ö ¨²¨ ³Ê²Ó-
É¨Ë· £³¥´É Í¨¨ µ¸É ÉµÎ´ÒÌ Ö¤¥·.

�É³¥É¨³ ¶·¨ ÔÉµ³, ÎÉµ · ¸Î¥ÉÒ ¶µ ³µ¤¥²¨ QMD É·¥¡ÊÕÉ § É· É ¢·¥³¥´¨,
§´ Î¨É¥²Ó´µ ¶·¥¢ÒÏ ÕÐ¨Ì § É· ÉÒ ´  · ¸Î¥ÉÒ ¶µ ŠˆŒ, ¶µÔÉµ³Ê ¶·¥¤¸É -
¢²Ö¥É¸Ö Í¥²¥¸µµ¡· §´Ò³ ¨¸¶µ²Ó§µ¢ ÉÓ ¤²Ö ³µ¤¥²¨·µ¢ ´¨Ö É· ´¸¶µ·É  ¢Ò¸µ±µ-
Ô´¥·£¥É¨Î¥¸±¨Ì Î ¸É¨Í ¢ ¢¥Ð¥¸É¢¥ ¨³¥´´µ ŠˆŒ,   ³µ¤¥²Ó QMD ¨¸¶µ²Ó§µ¢ ÉÓ
¤²Ö · ¸Î¥É  Ì · ±É¥·¨¸É¨± ·¥ ±Í¨° ´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì ´¥°É·µ´µ¢ ¸ Ö¤· ³¨.

2. Œ�„…‹ˆ��‚��ˆ… Œ…„‹…���‰
‘’�„ˆˆ Ÿ„…��›• �…�Š–ˆ‰

‚ ¨¸¶µ²Ó§Ê¥³µ³ ¢ ´ Ï¨Ì · ¸Î¥É Ì ¢ ·¨ ´É¥ ŠˆŒ ¤²Ö µ¶¨¸ ´¨Ö ·¥² ±¸ -
Í¨¨ ¢µ§¡Ê¦¤¥´´ÒÌ Ö¤¥·-µ¸É É±µ¢ ¶·¨³¥´Ö¥É¸Ö ³µ¤¥²Ó ‚ °¸±µ¶Ë  [13] ¨ Ê¶·µ-
Ð¥´´ Ö ³µ¤¥²Ó ¤¥²¥´¨Ö ÉÖ¦¥²ÒÌ Ö¤¥·. “ÉµÎ´¥´¨¥ ¶ · ³¥É·µ¢ ÔÉ¨Ì ³µ¤¥²¥°
¡Ò²µ ¸¤¥² ´µ ¢ · ¡µÉ Ì ‘. ”Ê·¨Ì ÉÒ [6]. �·¥¤¸É ¢²ÖÕÉ ´¥¸µ³´¥´´Ò° ¨´É¥-
·¥¸ · ¸Î¥ÉÒ ¸ ÊÉµÎ´¥´´µ° ³µ¤¥²ÓÕ ·¥² ±¸ Í¨¨ Ö¤¥·-µ¸É É±µ¢. �´ ²µ£¨Î´Ò¥
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�¨¸. 4. ‘¶¥±É·Ò ´¥°É·µ´µ¢ ¶·¨ · §²¨Î´ÒÌ Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö µ¸É ÉµÎ´µ£µ Ö¤· 

· ¸Î¥ÉÒ ¡Ò²¨ ¶·µ¢¥¤¥´Ò ¢ [16]. �¢Éµ·Ò ¨¸¶µ²Ó§µ¢ ²¨ ±µ³¡¨´ Í¨Õ ³µ¤¥²¨
GEM2 ¸ ¶·µ£· ³³ ³¨ CEM2k ¨ LAQGSM ¨ ¤µ¸É¨£²¨ Ìµ·µÏ¥£µ µ¶¨¸ ´¨Ö
¢ÒÌµ¤µ¢ Ë· £³¥´Éµ¢ ¢ ·¥ ±Í¨¨ Pb + p ¶·¨ Ô´¥·£¨¨ 800 ŒÔ‚/´Ê±²µ´.

�²ÓÉ¥·´ É¨¢´µ° ³µ¤¥²ÓÕ ·¥² ±¸ Í¨¨ Ö¤¥·-µ¸É É±µ¢ Ö¢²Ö¥É¸Ö ¸É É¨¸É¨Î¥-
¸± Ö ³µ¤¥²Ó ³Ê²ÓÉ¨Ë· £³¥´É Í¨¨ Ö¤¥· (SMM), ¶µ¤·µ¡´µ¥ µ¶¨¸ ´¨¥ ±µÉµ·µ°
¶·¨¢¥¤¥´µ ¢ [5]. �É  ³µ¤¥²Ó Ï¨·µ±µ ¨¸¶µ²Ó§Ê¥É¸Ö ¤²Ö ¨´É¥·¶·¥É Í¨¨ Ô±¸-
¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ GSI (ƒ¥·³ ´¨Ö). SMM ¶·¥¤¶µ² £ ¥É µ¤´µ¢·¥³¥´´µ¥
µ¡· §µ¢ ´¨¥ ´¥¸±µ²Ó±¨Ì Ë· £³¥´Éµ¢ ± ± ²¥£±¨Ì, É ± ¨ ¶·µ³¥¦ÊÉµÎ´ÒÌ ³ ¸¸.

�  ·¨¸. 4 ¶·¥¤¸É ¢²¥´Ò · ¸Î¥É´Ò¥ ¸¶¥±É·Ò ´¥°É·µ´µ¢ ¶·¨ · §²¨Î´ÒÌ
Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö Ö¤· -µ¸É É± , ¢Ò¶µ²´¥´´Ò¥ ¸ ¶µ³µÐÓÕ Ê± § ´´ÒÌ ³µ-
¤¥²¥°. ‚ ± Î¥¸É¢¥ Ö¤· -µ¸É É±  ¡Ò²µ ¢Ò¡· ´µ Ö¤·µ ¸¢¨´Í . ’µÎ± ³¨ ¤ ´Ò
· ¸Î¥ÉÒ ¶µ ³µ¤¥²¨ ¨¸¶ ·¥´¨Ö ¨ ¤¥²¥´¨Ö, ±µÉµ· Ö ¨¸¶µ²Ó§Ê¥É¸Ö ¢ ´ Ï¥³ ¢ ·¨-
 ´É¥ ŠˆŒ. Š·Ê¦± ³¨ ¶·¥¤¸É ¢²¥´Ò · ¸Î¥ÉÒ ¶µ ³µ¤¥²¨ GEM2; ¸¶²µÏ´Ò³¨
²¨´¨Ö³¨ Å ¶µ SMM. Š ± ¢¨¤´µ, ³µ¤¥²Ó ¨¸¶ ·¥´¨Ö ¨ ¤¥²¥´¨Ö ¶·¨ ¢¸¥Ì Ô´¥·-
£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö ¤ ¥É § ´¨¦¥´´Ò° ¢ÒÌµ¤ ´¥°É·µ´µ¢ ¶µ ¸· ¢´¥´¨Õ ¸ ¶·¥¤-
¸± § ´¨Ö³¨ ¤·Ê£¨Ì ³µ¤¥²¥°. ’µ²Ó±µ ¶·¨ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö 1 ŒÔ‚/´Ê±²µ´
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�¨¸. 5. • · ±É¥·¨¸É¨±¨ Ë· £³¥´Éµ¢ ¨ ´¥°É·µ´µ¢ ¢ p + U-¢§ ¨³µ¤¥°¸É¢¨ÖÌ

¶·¥¤¸± § ´¨Ö ÔÉµ° ³µ¤¥²¨ ¡²¨§±¨ ± ·¥§Ê²ÓÉ É ³ ³µ¤¥²¨ GEM2. � ¨¡µ²ÓÏ¨°
¢ÒÌµ¤ ´¥°É·µ´µ¢ ´ ¡²Õ¤ ¥É¸Ö ¢ ³µ¤¥²¨ SMM. GEM2 ¤ ¥É ·¥§Ê²ÓÉ ÉÒ, ¶·µ³¥-
¦ÊÉµÎ´Ò¥ ³¥¦¤Ê SMM ¨ ¶·µ¸Éµ° ³µ¤¥²ÓÕ ¨¸¶ ·¥´¨Ö ¨ ¤¥²¥´¨Ö. ‚ ¡Ò¸É·µ°
µ¡² ¸É¨ ¸¶¥±É·  (¶·¨ Ô´¥·£¨ÖÌ ´¥°É·µ´µ¢ ¡µ²ÓÏ¥ 20 ŒÔ‚) ¶·¥¤¸± § ´¨Ö ³µ-
¤¥²¥° ¶· ±É¨Î¥¸±¨ ¸µ¢¶ ¤ ÕÉ.

�É³¥É¨³, ÎÉµ ¢µ ¢¸¥Ì ³µ¤¥²ÖÌ ´¥ ÊÎ¨ÉÒ¢ ²¸Ö § ±µ´ ¸µÌ· ´¥´¨Ö Ô´¥·£¨¨-
¨³¶Ê²Ó¸  ¢ Ìµ¤¥ ¶µ¸²¥¤µ¢ É¥²Ó´µ£µ ¨¸¶Ê¸± ´¨Ö/¨¸¶ ·¥´¨Ö Î ¸É¨Í, ÎÉµ ¶·¨
¡µ²ÓÏ¨Ì Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö ¶·¨¢µ¤¨²µ ± ¸ÊÐ¥¸É¢¥´´µ³Ê ¤¨¸¡ ² ´¸Ê Ô´¥·-
£¨¨ ¨ ¨³¶Ê²Ó¸ . ‚ ¶·¥¤¸É ¢²¥´´ÒÌ ´ ³¨ · ¸Î¥É Ì ³Ò ÊÎ²¨ ¸µÌ· ´¥´¨¥ ¨³-
¶Ê²Ó¸  ¢ ¶·µ¸É¥°Ï¥³ ¶µ¤Ìµ¤¥. �Éµ ¸± § ²µ¸Ó ¶·¥¦¤¥ ¢¸¥£µ ¢ ³Ö£±µ° µ¡² ¸É¨
¸¶¥±É·µ¢ ´¥°É·µ´µ¢. „²Ö ¶·µÖ¸´¥´¨Ö ¸¨ÉÊ Í¨¨ ´¥µ¡Ìµ¤¨³Ò ¤µ¶µ²´¨É¥²Ó´Ò¥
· ¸Î¥ÉÒ ¨ ¸· ¢´¥´¨¥ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. �  ÔÉµ³ ÔÉ ¶¥ ³µ¦´µ
²¨ÏÓ ±µ´¸É É¨·µ¢ ÉÓ, ÎÉµ ¢ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ¶µ¤Ìµ¤ Ì ¨³¥¥É¸Ö ¶·µ¡²¥³  µ¶¨-
¸ ´¨Ö ³Ö£±µ° Î ¸É¨ ¸¶¥±É·µ¢ ´¥°É·µ´µ¢.

…¸²¨ ¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ ¢ ¨¸¸²¥¤Ê¥³ÒÌ  ¤·µ´-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ
¢ µ¸´µ¢´µ³ µ¡· §ÊÕÉ¸Ö Ö¤·  ¸ Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö ¶µ·Ö¤±  1 ŒÔ‚/´Ê±²µ´,
Éµ ¸É ´µ¢¨É¸Ö ¶µ´ÖÉ´Ò³ ¸¨¸É¥³ É¨Î¥¸±µ¥ · ¸Ìµ¦¤¥´¨¥ · ¸Î¥Éµ¢ ¶µ ¨¸¶µ²Ó§Ê-
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�¨¸. 6. Œ ¸¸µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥ Ë· £³¥´Éµ¢ ¢ p + U-¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¶·¨ 100 ŒÔ‚:
É¥³´Ò¥ ÉµÎ±¨ Å ¤ ´´Ò¥ [17], ¸¢¥É²Ò¥ ÉµÎ±¨ Å ´ Ï¨ · ¸Î¥ÉÒ (QMD + GEM), ¸¶²µÏ-
´Ò¥ ¨ ¶Ê´±É¨·´Ò¥ ²¨´¨¨ Å · ¸Î¥ÉÒ [16] ¸ ÊÎ¥Éµ³ ¨ ¡¥§ ÊÎ¥É  ¶·¥¤· ¢´µ¢¥¸´µ£µ
· ¸¶ ¤  ¸µµÉ¢¥É¸É¢¥´´µ ¢ · ³± Ì ³µ¤¥²¨ CEM2K + GEM2

¥³µ° ŠˆŒ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¢ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ° µ¡² ¸É¨
¸¶¥±É·µ¢ ´¥°É·µ´µ¢. „²Ö ·¥ ²¨¸É¨Î¥¸±¨Ì · ¸Î¥Éµ¢ Ì · ±É¥·¨¸É¨± Ô²¥±É·µ-
Ö¤¥·´ÒÌ Ê¸É ´µ¢µ± ´¥µ¡Ìµ¤¨³µ ¨¸¶µ²Ó§µ¢ ÉÓ ¸µ¢·¥³¥´´Ò¥ ³µ¤¥²¨ ¨¸¶ ·¥-
´¨Ö/¤¥²¥´¨Ö ¨²¨ ³Ê²ÓÉ¨Ë· £³¥´É Í¨¨ Ö¤¥·.

„·Ê£ Ö ¶·µ¡²¥³ , ¸¢Ö§ ´´ Ö ¸ ¨¸¶µ²Ó§Ê¥³µ° ³µ¤¥²ÓÕ ¨¸¶ ·¥´¨Ö ¨ ¤¥²¥-
´¨Ö, Å ¶²µÌµ¥ µ¶¨¸ ´¨¥ ¸µ¸É ¢  ¨ ¢ÒÌµ¤  Ö¤¥·-Ë· £³¥´Éµ¢. �  ·¨¸. 5 ¶·¥¤-
¸É ¢²¥´Ò · §²¨Î´Ò¥ Ì · ±É¥·¨¸É¨±¨ p+U-¢§ ¨³µ¤¥°¸É¢¨° ¶·¨ Ô´¥·£¨¨ 1 ƒÔ‚.
�·¨ ¢Ò¶µ²´¥´¨¨ ÔÉ¨Ì · ¸Î¥Éµ¢ ¤²Ö ³µ¤¥²¨·µ¢ ´¨Ö ¡Ò¸É·µ° ¸É ¤¨¨ ·¥ ±Í¨¨
¨¸¶µ²Ó§µ¢ ² ¸Ó ³µ¤¥²Ó UrQMD [3]. Œ¥¤²¥´´ Ö ¸É ¤¨Ö ·¥ ±Í¨¨ ³µ¤¥²¨·µ¢ -
² ¸Ó ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¢ÒÏ¥Ê¶µ³Ö´ÊÉÒÌ ¶µ¤Ìµ¤µ¢. Š ± ¢¨¤´µ, ¶·µ¸É Ö ³µ¤¥²Ó
¨¸¶ ·¥´¨Ö ¨ ¤¥²¥´¨Ö ¶·¥¤¸± §Ò¢ ¥É ¡¨³µ¤ ²Ó´ÊÕ ¸É·Ê±ÉÊ·Ê · ¸¶·¥¤¥²¥´¨Ö
¶·µ¤Ê±Éµ¢ ¤¥²¥´¨Ö ¶µ ³ ¸¸ ³ ¢ µÉ²¨Î¨¥ µÉ ¶·¥¤¸± § ´¨° ¤·Ê£¨Ì ³µ¤¥²¥° ¨
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ GSI. �·¥¤¸± § ´¨Ö ³µ¤¥²¥° SMM ¨ GEM2 ¡²¨§±¨
¤·Ê£ ± ¤·Ê£Ê.

ˆ¸¶ ·¨É¥²Ó´ Ö ³µ¤¥²Ó ¶·¥¤¸± §Ò¢ ¥É ¡¨³µ¤ ²Ó´ÊÕ ¸É·Ê±ÉÊ·Ê ¨ ¤²Ö · ¸-
¶·¥¤¥²¥´¨Ö Ë· £³¥´Éµ¢ ¶µ § ·Ö¤Ê. � ¸¶·¥¤¥²¥´¨Ö ¶µ ³´µ¦¥¸É¢¥´´µ¸É¨ ´¥°-
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É·µ´µ¢ ¡²¨§±¨ ¢ ³µ¤¥²¨ ¨¸¶ ·¥´¨Ö ¨ ¤¥²¥´¨Ö ¨ GEM2. SMM ¶·¥¤¸± §Ò-
¢ ¥É ³ ²ÊÕ ³´µ¦¥¸É¢¥´´µ¸ÉÓ ´¥°É·µ´µ¢. ‚ Ô´¥·£¥É¨Î¥¸±µ³ ¸¶¥±É·¥ ´¥°É·µ-
´µ¢ ¶·¥¤¸± § ´¨Ö SMM ¨ GEM2 ¡²¨§±¨ ¤·Ê£ ± ¤·Ê£Ê. Œµ¤¥²Ó ¨¸¶ ·¥´¨Ö ¨
¤¥²¥´¨Ö ´¥¤µµÍ¥´¨¢ ¥É ¢ÒÌµ¤ ³Ö£±¨Ì ´¥°É·µ´µ¢.

’ ±¨³ µ¡· §µ³, ¶µ Í¥²µ³Ê ·Ö¤Ê ¶µ± § É¥²¥° ¶·¥¤¸± § ´¨Ö ¨¸¶µ²Ó§Ê¥-
³µ° ³µ¤¥²¨ ¨¸¶ ·¥´¨Ö ¨ ¤¥²¥´¨Ö ¸ÊÐ¥¸É¢¥´´µ µÉ²¨Î ÕÉ¸Ö µÉ ¶·¥¤¸± § -
´¨° ¸µ¢·¥³¥´´ÒÌ ³µ¤¥²¥°. �µÔÉµ³Ê ¢ ¤ ²Ó´¥°Ï¨Ì · ¸Î¥É Ì ³Ò ¶·¨³¥´Ö²¨
GEM2.

�  ·¨¸. 6 ¶·¥¤¸É ¢²¥´Ò · ¸Î¥ÉÒ ¶µ ³µ¤¥²¨ QMD + GEM2 ¢ ¸· ¢´¥´¨¨ ¸
Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ [17]. Š ± ¢¨¤´µ, ´ Ï¨ · ¸Î¥ÉÒ Ê¤µ¢²¥É¢µ·¨-
É¥²Ó´µ ¸µ£² ¸ÊÕÉ¸Ö ± ± ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨, É ± ¨ ¸ · ¸Î¥É ³¨
¤·Ê£¨Ì  ¢Éµ·µ¢.

3. ��‘—…’› ‚›•�„�‚ ˆ‡�’���‚
ˆ ‘…—…�ˆ‰ �…�Š–ˆ‰

�¨¦¥ ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ, ¤¥³µ´¸É·¨·ÊÕÐ¨¥ ¢µ§³µ¦´µ¸É¨ QMD +
GEM2 ¢ · ¸Î¥É Ì ¸¥Î¥´¨° ¢ÒÌµ¤µ¢ ¨§µÉµ¶µ¢ ¨ ¸¥Î¥´¨° ·¥ ±Í¨°. ˆ¸¶µ²Ó§µ-
¢ ²¨¸Ó É· ¤¨Í¨µ´´Ò¥ ¤²Ö ³µ¤¥²¨ ±¢ ´Éµ¢µ° ³µ²¥±Ê²Ö·´µ° ¤¨´ ³¨±¨ ³¥Éµ¤Ò
µ¶·¥¤¥²¥´¨Ö Ì · ±É¥·¨¸É¨± Ö¤¥·-µ¸É É±µ¢ ¨ ¨Ì Ô´¥·£¨° ¢µ§¡Ê¦¤¥´¨Ö. � 
·¨¸. 7, 8 ¶·¥¤¸É ¢²¥´Ò · ¸¶·¥¤¥²¥´¨Ö Ë· £³¥´Éµ¢ °µ¤  ¨ ¶²ÊÉµ´¨Ö ¶µ ³ ¸¸ ³
¨ § ·Ö¤ ³. Š ± ¢¨¤´µ ¨§ ·¨¸Ê´±µ¢, ¢ÒÌµ¤ ¶·µ¤Ê±Éµ¢ ¤¥²¥´¨Ö ¸² ¡µ § ¢¨¸¨É µÉ
Ô´¥·£¨¨ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ · ¸¸³ É·¨¢ ¥³µ³ ¤¨ ¶ §µ´¥ Ô´¥·£¨°.

‚ÒÌµ¤ ²¥£±¨Ì Ë· £³¥´Éµ¢ ¨ ÉÖ¦¥²ÒÌ Ö¤¥·-µ¸É É±µ¢ ¸ÊÐ¥¸É¢¥´´µ § ¢¨¸¨É
µÉ Ô´¥·£¨¨ ´¥°É·µ´µ¢, ± ± ÔÉµ ¢¨¤´µ ´  ·¨¸. 9 ¤²Ö ·¥ ±Í¨¨ n + 234U. �·¨

�¨¸. 7. � ¸¶·¥¤¥²¥´¨¥ ¶·µ¤Ê±Éµ¢ ·¥ ±Í¨¨ n + 129I ¶µ ³ ¸¸ ³ ¨ § ·Ö¤ ³
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�¨¸. 8. � ¸¶·¥¤¥²¥´¨¥ ¶·µ¤Ê±Éµ¢ ·¥ ±Í¨¨ n + 238Pu ¶µ ³ ¸¸ ³ ¨ § ·Ö¤ ³

�¨¸. 9. � ¸¶·¥¤¥²¥´¨¥ ²¥£±¨Ì ¨ ÉÖ¦¥²ÒÌ ¶·µ¤Ê±Éµ¢ ·¥ ±Í¨¨ n + 234U

Ê¢¥²¨Î¥´¨¨ Ô´¥·£¨¨, ± ± ¨ µ¦¨¤ ²µ¸Ó, ¶·µ¨¸Ìµ¤¨É Ê¢¥²¨Î¥´¨¥ · §·ÊÏ¥´¨Ö
Ö¤· -³¨Ï¥´¨ ¨ Ê¢¥²¨Î¥´¨¥ ¢ÒÌµ¤  ¨¸¶ ·¨É¥²Ó´ÒÌ ¶·µ¤Ê±Éµ¢.

‚ · ³± Ì ³µ¤¥²¨ ±¢ ´Éµ¢µ° ³µ²¥±Ê²Ö·´µ° ¤¨´ ³¨±¨, ¤µ¶µ²´¥´´µ° ³µ-
¤¥²ÓÕ ¨¸¶ ·¥´¨Ö ¨ ¤¥²¥´¨Ö ÉÖ¦¥²ÒÌ Ö¤¥· GEM2, ¸¤¥² ´Ò · ¸Î¥ÉÒ ¢ÒÌµ¤µ¢
¨§µÉµ¶µ¢ ¢ ·¥ ±Í¨ÖÌ n + 127

53 I → AF + X , n + 129
53 I → AF + X . � ¸Î¥ÉÒ µ¸Ê-

Ð¥¸É¢²Ö²¨¸Ó ¶·¨ Ô´¥·£¨ÖÌ ´¥°É·µ´µ¢ µÉ 20 ¤µ 300 ŒÔ‚ ¸ Ï £µ³ 5 ŒÔ‚. „²Ö
± ¦¤µ£µ §´ Î¥´¨Ö Ô´¥·£¨° ³µ¤¥²¨·µ¢ ²µ¸Ó ¶µ 1000 ®¨¸Éµ·¨°¯. �  ·¨¸. 10
¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¶µ ¢ÒÌµ¤Ê ¨§µÉµ¶µ¢ °µ¤ .

’ ±¨³ ¦¥ ¸¶µ¸µ¡µ³ (QMD + GEM2) ¢Ò¶µ²´¥´Ò · ¸Î¥ÉÒ ¸¥Î¥´¨° ·¥-
 ±Í¨° n + A → xn + A′, n + A → p + xn + A′ ¨ n + A → 2p + xn +
A′ ¤²Ö ¨§µÉµ¶µ¢ °µ¤ , §µ²µÉ , ¢¨¸³ÊÉ , ¸¢¨´Í , Ê· ´ , ´¥¶ÉÊ´¨Ö, ¶²ÊÉµ´¨Ö,
 ³¥·¨Í¨Ö.
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�¨¸. 10. ‘¥Î¥´¨Ö ¢ÒÌµ¤µ¢ ¨§µÉµ¶µ¢ ¢ ·¥ ±Í¨ÖÌ n + 127I ¨ n + 129I

�¨¸. 11. ‘¥Î¥´¨Ö µ¡· §µ¢ ´¨Ö ¨§µÉµ¶µ¢ ¢¨¸³ÊÉ  ¢ ·¥ ±Í¨ÖÌ n + Bi → xn + Bi′

�¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ¸¥Î¥´¨° ·¥ ±Í¨° n + A → xn + A′ ¤²Ö ¨§µÉµ¶µ¢
¢¨¸³ÊÉ  ¨ §µ²µÉ  ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 11, 12.
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�¨¸. 12. ‘¥Î¥´¨Ö µ¡· §µ¢ ´¨Ö ¨§µÉµ¶µ¢ §µ²µÉ  ¢ ·¥ ±Í¨ÖÌ n + Au → xn + Au′

‡�Š‹�—…�ˆ…

1. �·µ£· ³³  GEM2 ¶µ§¢µ²Ö¥É ³µ¤¥²¨·µ¢ ÉÓ ·¥² ±¸ Í¨Õ ¢µ§¡Ê¦¤¥´-
´ÒÌ Ö¤¥·-µ¸É É±µ¢ ´  ¸µ¢·¥³¥´´µ³ Ê·µ¢´¥. Š ± ¡Ò²µ ¶µ± § ´µ ´ ³¨ ¢ÒÏ¥,
¶·¥¤¸± § ´¨Ö ³µ¤¥²¨ GEM2 ¸µ£² ¸ÊÕÉ¸Ö ¸ ¶·¥¤¸± § ´¨Ö³¨ SMM ¨ ¸¨²Ó´µ
µÉ²¨Î ÕÉ¸Ö (¶µ ¢ÒÌµ¤ ³ ¶·µ¤Ê±Éµ¢ ¤¥²¥´¨Ö) µÉ ¶·¥¤¸± § ´¨° ¨¸¶µ²Ó§Ê¥³µ°
± ¸± ¤´µ° ³µ¤¥²¨. „²Ö ¤ ²Ó´¥°Ï¨Ì · ¸Î¥Éµ¢ Ì · ±É¥·¨¸É¨± Ô²¥±É·µÖ¤¥·´ÒÌ
Ê¸É ´µ¢µ± ¦¥² É¥²Ó´µ ¨¸¶µ²Ó§µ¢ ÉÓ ³µ¤¥²¨ GEM2 ¨ SMM.

2. “ÉµÎ´¥´Ò ¶ · ³¥É·Ò ³µ¤¥²¨ QMD, ¨ ¶·µ¢¥¤¥´Ò · ¸Î¥ÉÒ ¸¶¥±É·µ¢
´¥°É·µ´µ¢ ¢  ¤·µ´-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ. ‘µ¶µ¸É ¢²¥´¨¥ · ¸Î¥Éµ¢ ¸ ¸µ-
µÉ¢¥É¸É¢ÊÕÐ¨³¨ · ¸Î¥É ³¨ ¶µ ¨¸¶µ²Ó§Ê¥³µ° ± ¸± ¤´µ° ³µ¤¥²¨ ¨ ¸ Ô±¸¶¥·¨-
³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶µ± § ²µ, ÎÉµ · ¸Î¥ÉÒ ¶µ ¤¢Ê³ ³µ¤¥²Ö³ ¸µ£² ¸ÊÕÉ¸Ö
³¥¦¤Ê ¸µ¡µ° ¨ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶·¨ Ô´¥·£¨ÖÌ ´ ²¥É ÕÐ¨Ì
Î ¸É¨Í ³¥´ÓÏ¥ 200Ä300 ŒÔ‚ ¢ ¡Ò¸É·µ° Î ¸É¨ ¸¶¥±É·µ¢ ´¥°É·µ´µ¢.

3. �·µ£· ³³´ Ö ·¥ ²¨§ Í¨Ö ³µ¤¥²¨ QMD ¤µ¶µ²´¥´  ³µ¤¥²ÓÕ ¨¸¶ ·¥-
´¨Ö ¨ ¤¥²¥´¨Ö ¨²¨ ³Ê²ÓÉ¨Ë· £³¥´É Í¨¨ µ¸É ÉµÎ´ÒÌ Ö¤¥·. �µ± § ´µ, ÎÉµ
QMD + GEM2 Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ µ¶¨¸Ò¢ ¥É Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶µ
¶·µ¤Ê±É ³ ¤¥²¥´¨Ö ÉÖ¦¥²ÒÌ Ö¤¥·.
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4. ‘ ¶µ³µÐÓÕ ¶·µ£· ³³Ò QMD + GEM2 · ¸¸Î¨É ´Ò ¸¶¥±É·Ò ´¥°É·µ´µ¢
¢  ¤·µ´-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¶·¨ · §²¨Î´ÒÌ Ô´¥·£¨ÖÌ, ´¥µ¡Ìµ¤¨³Ò¥ ¤²Ö
·¥ ²¨¸É¨Î¥¸±¨Ì µÍ¥´µ± ¶ · ³¥É·µ¢ ¡Ê¤ÊÐ¨Ì Ô²¥±É·µÖ¤¥·´ÒÌ Ê¸É ´µ¢µ±.

5. ‘ ¶µ³µÐÓÕ ´ ¨¡µ²¥¥ ·¥ ²¨¸É¨Î¥¸±µ° ±µ³¡¨´ Í¨¨ (QMD + GEM2)
· ¸¸Î¨É ´Ò ¸¥Î¥´¨Ö ¢ÒÌµ¤µ¢ ¨§µÉµ¶µ¢ ¢µ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ ´¥°É·µ´µ¢ ¸ É· ´¸-
³ÊÉ¨·Ê¥³Ò³¨ ¨§µÉµ¶ ³¨ °µ¤ ,  ³¥·¨Í¨Ö, ¶²ÊÉµ´¨Ö ¨ É. ¤.

Šµ³¡¨´ Í¨Õ ³µ¤¥²¨ ±¢ ´Éµ¢µ° ³µ²¥±Ê²Ö·´µ° ¤¨´ ³¨±¨ ¸ ± ±µ°-²¨¡µ
¸µ¢·¥³¥´´µ° ³µ¤¥²ÓÕ ¨¸¶ ·¥´¨Ö ¨ ¤¥²¥´¨Ö ¨²¨ ³Ê²ÓÉ¨Ë· £³¥´É Í¨¨ µ¸É -
ÉµÎ´ÒÌ Ö¤¥· ³µ¦´µ ·¥±µ³¥´¤µ¢ ÉÓ ¤²Ö ¤ ²Ó´¥°Ï¥£µ ¨¸¶µ²Ó§µ¢ ´¨Ö.

� ¡µÉ  ¢Ò¶µ²´¥´  ¶·¨ Ë¨´ ´¸µ¢µ° ¶µ¤¤¥·¦±¥ ¶·µ¥±É  Œ�’– 1372 ¨
£· ´É  �””ˆ 03-01-00657, 03-02-17079.
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