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—¨¸²¥´´µ¥ ¨¸¸²¥¤µ¢ ´¨¥ É¥³¶¥· ÉÊ·´ÒÌ ÔËË¥±Éµ¢ ¢ ³ É¥·¨ ² Ì
¶·¨ µ¡²ÊÎ¥´¨¨ ¨Ì ÉÖ¦¥²Ò³¨ ¨µ´ ³¨ ¢Ò¸µ±¨Ì Ô´¥·£¨° ¢ · ³± Ì
Ê· ¢´¥´¨° É¥¶²µ¶·µ¢µ¤´µ¸É¨ ¤²Ö Ô²¥±É·µ´µ¢ ¨ ·¥Ï¥É±¨

‘¨¸É¥³  Ê· ¢´¥´¨° ¤²Ö É¥³¶¥· ÉÊ·Ò Ô²¥±É·µ´´µ£µ £ §  ¨ ·¥Ï¥É±¨ ¢µ±·Ê£ ¨
¢¤µ²Ó É· ¥±Éµ·¨¨ ÉÖ¦¥²µ£µ ¨µ´  Ê· ´  ¸ Ô´¥·£¨¥° 700 ŒÔ‚ ¢ ´¨±¥²¥ ¶·¨ ¶µ-
¸ÉµÖ´´ÒÌ §´ Î¥´¨ÖÌ É¥¶²µ¥³±µ¸É¨ ¨ É¥¶²µ¶·µ¢µ¤´µ¸É¨, ¢§ÖÉÒÌ ¶·¨ ±µ³´ É´µ°
É¥³¶¥· ÉÊ·¥, ·¥Ï¥´  Î¨¸²¥´´µ ¢  ±¸¨ ²Ó´µ-¸¨³³¥É·¨Î´µ° Í¨²¨´¤·¨Î¥¸±µ° ¸¨-
¸É¥³¥ ±µµ·¤¨´ É. �  µ¸´µ¢¥ ¶µ²ÊÎ¥´´ÒÌ § ¢¨¸¨³µ¸É¥° É¥³¶¥· ÉÊ·Ò ·¥Ï¥É±¨
µÉ · ¤¨Ê¸  ¢µ±·Ê£ É· ¥±Éµ·¨¨ ¨µ´  ¨ £²Ê¡¨´Ò ³µ¦´µ ¸¤¥² ÉÓ ¢Ò¢µ¤, ÎÉµ ¨µ-
´¨§ Í¨µ´´Ò¥ ¶µÉ¥·¨ Ô´¥·£¨¨ ¨µ´  Ê· ´  ¢ ´¨±¥²¥ ¤µ¸É ÉµÎ´Ò ¤²Ö ¶² ¢²¥´¨Ö ¨
¨¸¶ ·¥´¨Ö ³ É¥·¨ ²  ¸ ¶µ¢¥·Ì´µ¸É¨. ‘¤¥² ´Ò µÍ¥´±¨ · §³¥·  µ¡² ¸É¥° ¸ ³ ±-
¸¨³ ²Ó´Ò³ · ¤¨Ê¸µ³ ¨ £²Ê¡¨´µ° ¢ ³¨Ï¥´¨, £¤¥ ¶·µ¨¸Ìµ¤ÖÉ ¶·µÍ¥¸¸Ò ¶² ¢²¥´¨Ö
¨ ¨¸¶ ·¥´¨Ö.

� ¡µÉ  ¢Ò¶µ²´¥´  ¢ ‹ ¡µ· Éµ·¨¨ ¨´Ëµ·³ Í¨µ´´ÒÌ É¥Ì´µ²µ£¨° ¨ ‹ ¡µ· Éµ-
·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¨³. ƒ. �. ”²¥·µ¢ .
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Numerical Study of Temperature Effects in Materials Exposed to
High Energy Heavy Ions in Frames of Temperature Conductivity
Equations for Electrons and Lattice

A system of equations for electron gas and lattice around and along the trajectory
of a 700 MeV uranium heavy ion in nickel at the constants of heat capacity and heat
conductivity taken at room temperature, is solved numerically in the cylindric axial-
symmetric coordinate system. Based on the temperature dependence upon radius and
depth around the ion trajectory, one can conclude that the ionizing energy loss is
enough for the melting and evaporation processes in the target. The maximal sizes
of radius and depth in target where the melting and evaporation processes can take
place, have been estimated.

The investigation has been performed at the Laboratory of Information Tech-
nologies, Flerov Laboratory of Nuclear Reactions.
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ˆ¸¸²¥¤µ¢ ´¨Ö ¢µ§¤¥°¸É¢¨Ö ¢Ò¸µ±µ¨µ´¨§¨·ÊÕÐ¨Ì § ·Ö¦¥´´ÒÌ Î ¸É¨Í ´ 
³ É¥·¨ ²Ò [1Ä3] ¢ ¸¢Ö§¨ ¸ ¸µ§¤ ´¨¥³ Ê¸±µ·¨É¥²¥° ¨ ´ ±µ¶¨É¥²Ó´ÒÌ ±µ²¥Í
ÉÖ¦¥²ÒÌ ¨µ´µ¢ ¢Ò¸µ±¨Ì Ô´¥·£¨° ¢ ·Ö¤¥ ¸É· ´,   É ±¦¥ ¸ ¶·µ¡²¥³µ° µ¶·¥¤¥-
²¥´¨Ö · ¤¨ Í¨µ´´µ° ¸Éµ°±µ¸É¨ ±µ´¸É·Ê±Í¨µ´´ÒÌ ³ É¥·¨ ²µ¢, ±µÉµ·Ò¥ ¶·¥¤-
¶µ² £ ¥É¸Ö ¨¸¶µ²Ó§µ¢ ÉÓ, ¢ Éµ³ Î¨¸²¥ ¨ ¢ É¥·³µÖ¤¥·´ÒÌ ·¥ ±Éµ· Ì, ¸É ´µ¢ÖÉ¸Ö
 ±ÉÊ ²Ó´Ò³¨. Š É ±¨³ ¨¸¸²¥¤µ¢ ´¨Ö³ µÉ´µ¸¨É¸Ö, ¢ Î ¸É´µ¸É¨, ¨§ÊÎ¥´¨¥ µ¸µ-
¡¥´´µ¸É¥° · ¤¨ Í¨µ´´µ£µ · ¸¶Ò²¥´¨Ö ¨ ¨§³¥´¥´¨Ö ³¥Ì ´¨Î¥¸±¨Ì ¸¢µ°¸É¢ ³ -
É¥·¨ ²µ¢ ¶·¨ µ¡²ÊÎ¥´¨¨ ¨Ì ÉÖ¦¥²Ò³¨ ¨µ´ ³¨ ¢Ò¸µ±¨Ì Ô´¥·£¨°. Š ± ¶µ± § ²¨
Ô±¸¶¥·¨³¥´ÉÒ ¶µ ¨§ÊÎ¥´¨Õ µ¸µ¡¥´´µ¸É¥° ´ ±µ¶²¥´¨Ö ÉÖ¦¥²ÒÌ ¨µ´µ¢ ¢ ´ ±µ-
¶¨É¥²Ó´ÒÌ ±µ²ÓÍ Ì [4], ¶·µ¢¥¤¥´´Ò¥ ´  Ê¸±µ·¨É¥²¥ ÉÖ¦¥²ÒÌ ¨µ´µ¢ LINAC3
¢ –…��, Ö¢²¥´¨¥ · ¸¶Ò²¥´¨Ö ³ É¥·¨ ²  ¸É¥´µ± ´¥µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ. ‚
Î ¸É´µ¸É¨, ±µ´¸É·Ê±Í¨µ´´ Ö ´¥·¦ ¢¥ÕÐ Ö ¸É ²Ó, ¶·¥¤¢ ·¨É¥²Ó´µ µ¡²ÊÎ¥´´ Ö
¤²Ö ¶µ¢¥·Ì´µ¸É´µ° µÎ¨¸É±¨ ¨µ´ ³¨ Ar(90%) Å O2(10%) ¨ § É¥³ µÉµ¦¦¥´-
´ Ö ¶·¨ ¢Ò¸µ±µ³ ¢ ±ÊÊ³¥ ¨ É¥³¶¥· ÉÊ·¥ 3500 C ¢ É¥Î¥´¨¥ ¤²¨É¥²Ó´µ£µ ¢·¥-
³¥´¨ (¤µ 24 Î ¸µ¢), ¡Ò²  µ¡²ÊÎ¥´  ¨µ´ ³¨ 207Pb27+ ¨ 207Pb53+ ¸ Ô´¥·£¨¥°
4,2 ŒÔ‚/ .¥.³. 	Ò²µ µ¡´ ·Ê¦¥´µ, ÎÉµ ¨§ ¶µ¤£µÉµ¢²¥´´µ° É ±¨³ µ¡· §µ³ ¸É ²¨
¶·µ¨¸Ìµ¤¨É ¤¥¸µ·¡Í¨Ö (¢Ò¤¥²¥´¨¥) £ §µ¢ÒÌ ¨µ´µ¢ H2, CH4, CO, CO2 ¢ ±µ²¨-
Î¥¸É¢¥ ¤µ 2 ·104 ³µ²¥±Ê²/¨µ´ [4]. �Éµ ¶·¨¢µ¤¨É ± ·¥§±µ³Ê ÊÌÊ¤Ï¥´¨Õ ¢ ±ÊÊ³ 
¢ ³¥¸É¥ ¶µ¶ ¤ ´¨Ö ¨µ´  207Pb ¢ ¸É¥´±Ê ´ ±µ¶¨É¥²Ó´µ£µ ±µ²ÓÍ -¨µ´µ¶·µ¢µ¤ .
�µ¸²¥¤ÊÕÐ¥¥ · ¸¸¥Ö´¨¥ ´ ± ¶²¨¢ ¥³ÒÌ ¨µ´µ¢ ´  ¢Ò¤¥²¨¢Ï¨Ì¸Ö £ §µ¢ÒÌ ³µ-
²¥±Ê² Ì ¨  Éµ³ Ì ¢Ò§Ò¢ ¥É §´ Î¨É¥²Ó´µ¥ Ê³¥´ÓÏ¥´¨¥ Éµ±  ¨µ´´µ£µ ¶ÊÎ± 
¨²¨ ¥£µ ¶µ²´µ¥ ¶·µ¶ ¤ ´¨¥ ¨§-§  ¨µ´µ¢, µÉ±²µ´¨¢Ï¨Ì¸Ö µÉ · ¢´µ¢¥¸´µ° É· -
¥±Éµ·¨¨ ¢ ´ ±µ¶¨É¥²Ó´µ³ ±µ²ÓÍ¥ ¨ É ±¦¥ ¶µ¶ ¢Ï¨Ì ¢ ¸É¥´±Ê ¨µ´µ¶·µ¢µ¤ 
¨ ¢Ò§¢ ¢Ï¨Ì  ´ ²µ£¨Î´Ò° ¶·µÍ¥¸¸ ¤¥¸µ·¡Í¨¨. �É¤¥²Ó´Ò° ¨´É¥·¥¸ ¶·¥¤¸É -
¢²Ö¥É ¶·µ¡²¥³  ¨§ÊÎ¥´¨Ö µ¸µ¡¥´´µ¸É¥° µ¡· §µ¢ ´¨Ö É·¥±µ¢ ¢ ³ É¥·¨ ² Ì ¸
· §²¨Î´µ° Ô²¥±É·µ´´µ° ¶·µ¢µ¤¨³µ¸ÉÓÕ. ‘ÊÐ¥¸É¢ÊÕÐ¨¥ ³µ¤¥²¨ µ¡· §µ¢ ´¨Ö
É·¥±µ¢ ÉÖ¦¥²ÒÌ ¨µ´µ¢ µ¸´µ¢ ´Ò ´  ¤¢ÊÌ  ²ÓÉ¥·´ É¨¢´ÒÌ ¶µ¤Ìµ¤ Ì: ³µ¤¥²¨
É¥·³¨Î¥¸±µ£µ ¶¨±  (±²¨´ ) ¨ ±Ê²µ´µ¢¸±µ£µ ¢§·Ò¢  (c³., ´ ¶·¨³¥·, [5, 6]).
�É³¥É¨³, ÎÉµ É·¥±µ³ ÉÖ¦¥²µ° § ·Ö¦¥´´µ° Î ¸É¨ÍÒ ¶·¨´ÖÉµ ´ §Ò¢ ÉÓ ¸¨²Ó´µ
¤¥¸É·Ê±ÉÊ·¨·µ¢ ´´ÊÕ µ¡² ¸ÉÓ ¢µ±·Ê£ É· ¥±Éµ·¨¨ ÉÖ¦¥²µ° Î ¸É¨ÍÒ ¢ ³ É¥·¨-
 ²¥, ¸µ§¤ ´´ÊÕ §  ¸Î¥É É¥³¶¥· ÉÊ·´ÒÌ ÔËË¥±Éµ¢, ¢Ò§¢ ´´ÒÌ ¨µ´¨§ Í¨µ´´Ò³¨
¶µÉ¥·Ö³¨ Ô´¥·£¨¨ ÉÖ¦¥²µ° § ·Ö¦¥´´µ° Î ¸É¨ÍÒ ¨ ¶·¨¢µ¤ÖÐ¨Ì ± · ¸¶² ¢²¥-
´¨Õ ¨ ¶µ¸²¥¤ÊÕÐ¥° Î ¸É¨Î´µ° (¨²¨ ¶µ²´µ°) ·¥±·¨¸É ²²¨§ Í¨¨ ÔÉµ° µ¡² ¸É¨.

ˆ¸¸²¥¤µ¢ ´¨Ö³ ¢§ ¨³µ¤¥°¸É¢¨Ö ÉÖ¦¥²ÒÌ § ·Ö¦¥´´ÒÌ ¨µ´µ¢ ¸ · §²¨Î´Ò³¨
µ¡· §Í ³¨ ¶µ¸¢ÖÐ¥´µ §´ Î¨É¥²Ó´µ¥ ±µ²¨Î¥¸É¢µ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ · ¡µÉ [7Ä
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15]. Œµ¤¥²Ó É¥·³¨Î¥¸±µ£µ ¶¨±  ¡Ò²  ÔËË¥±É¨¢´µ ¨¸¶µ²Ó§µ¢ ´  ¤²Ö µ¡ÑÖ¸-
´¥´¨Ö ¶·µÍ¥¸¸µ¢ ´¥Ê¶·Ê£µ£µ · ¸¶Ò²¥´¨Ö ³¥²±µ¤¨¸¶¥·¸´ÒÌ ³ É¥·¨ ²µ¢ [2, 3,
16, 17].

�É³¥É¨³, ÎÉµ ¨´É¥·¥¸ ± ¨§ÊÎ¥´¨Õ ¶·µÍ¥¸¸µ¢ ¶·¨ ¶·µÌµ¦¤¥´¨¨ ÉÖ¦¥²ÒÌ
¨µ´µ¢ Î¥·¥§ ³ É¥·¨ ²Ò µ¡Ê¸²µ¢²¥´ µ¸µ¡¥´´µ¸ÉÖ³¨ · ¤¨ Í¨µ´´ÒÌ ¨§³¥´¥´¨°
¢ ³ É¥·¨ ² Ì, ÎÉµ ¨³¥¥É ´¥ Éµ²Ó±µ ¡µ²ÓÏµ¥ §´ Î¥´¨¥ ¤²Ö ¶µ´¨³ ´¨Ö µ¸´µ¢-
´ÒÌ § ±µ´µ³¥·´µ¸É¥° ÔÉ¨Ì ¶·µÍ¥¸¸µ¢, ´µ É ±¦¥ ¢ ¦´µ ¨ ¤²Ö ¨¸¶µ²Ó§µ¢ ´¨Ö
· ¤¨ Í¨µ´´ÒÌ ÔËË¥±Éµ¢ ¢ · §¢¨É¨¨ ´µ¢ÒÌ É¥Ì´µ²µ£¨° ¢ ³ É¥·¨ ²µ¢¥¤¥´¨¨.

�´ ²µ£¨Î´Ò° ¨´É¥·¥¸ ¶·¥¤¸É ¢²ÖÕÉ Ô±¸¶¥·¨³¥´ÉÒ ¶µ ¨§ÊÎ¥´¨Õ ¢µ§¤¥°-
¸É¢¨Ö ³µÐ´ÒÌ ² §¥·´ÒÌ ¨³¶Ê²Ó¸µ¢ ³ ²µ° ¤²¨É¥²Ó´µ¸É¨ [17, 18] (¢¶²µÉÓ ¤µ
¶·¥¤¥²Ó´µ ±µ·µÉ±¨Ì ¨³¶Ê²Ó¸µ¢ ² §¥· , ¶µ·Ö¤±  10−12 c) ´  ¸É·Ê±ÉÊ·Ê ³¥É ²-
²µ¢ ¨ É¥µ·¥É¨Î¥¸±¨¥ · ¡µÉÒ, ¶µ¸¢ÖÐ¥´´Ò¥ µ¡ÑÖ¸´¥´¨Õ ´ ¡²Õ¤ ¥³ÒÌ ÔËË¥±-
Éµ¢ (¸³. [19]).

‚ · ¡µÉ¥ [20] ¡Ò²µ ¨¸¶µ²Ó§µ¢ ´µ Ê· ¢´¥´¨¥ É¥¶²µ¶·µ¢µ¤´µ¸É¨ ¤²Ö ¢Ò-
Î¨¸²¥´¨Ö É¥³¶¥· ÉÊ·Ò  ³µ·Ë´ÒÌ ³¥É ²²µ¢ ¶·¨ µ¡²ÊÎ¥´¨¨ ¨Ì ÉÖ¦¥²Ò³¨ ¨µ-
´ ³¨. ‚ · ¡µÉ Ì [14, 15, 21, 22] Ê· ¢´¥´¨¥ É¥¶²µ¶·µ¢µ¤´µ¸É¨ ¡Ò²µ É ±¦¥
¨¸¶µ²Ó§µ¢ ´µ ¤²Ö µÍ¥´µ± É¥³¶¥· ÉÊ·Ò ·¥Ï¥É±¨.

‚ µ¸´µ¢µ¶µ² £ ÕÐ¨Ì · ¡µÉ Ì [23Ä27] ¤²Ö ¢ÒÎ¨¸²¥´¨Ö É¥³¶¥· ÉÊ· ·¥-
Ï¥É±¨ ¨ Ô²¥±É·µ´µ¢ ¡Ò²  ¢¢¥¤¥´  ¸¨¸É¥³  ¤¢ÊÌ ¸¢Ö§ ´´ÒÌ Ê· ¢´¥´¨° É¥¶²µ-
¶·µ¢µ¤´µ¸É¨ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö É¥³¶¥· ÉÊ· Ô²¥±É·µ´µ¢ ¨ ·¥Ï¥É±¨. „ ´´ Ö ¸¨-
¸É¥³  Ê· ¢´¥´¨° ·¥Ï ² ¸Ó ¶·¨¡²¨¦¥´´Ò³¨, µÍ¥´µÎ´Ò³¨ ³¥Éµ¤ ³¨ [24Ä27]
¶·¨ ´¥ § ¢¨¸ÖÐ¨Ì µÉ É¥³¶¥· ÉÊ·Ò ±µ´¸É ´É Ì, É ±¨Ì ± ± É¥¶²µ¥³±µ¸ÉÓ ¨ É¥-
¶²µ¶·µ¢µ¤´µ¸ÉÓ. �·¨ ¢Ò¶µ²´¥´´ÒÌ µÍ¥´± Ì É¥³¶¥· ÉÊ· Ô²¥±É·µ´´µ£µ £ § 
¨ ·¥Ï¥É±¨  ¢Éµ·Ò ¶·¥´¥¡·¥£²¨ § ¢¨¸¨³µ¸ÉÓÕ Ê¤¥²Ó´ÒÌ ¨µ´¨§ Í¨µ´´ÒÌ ¶µ-
É¥·Ó Ô´¥·£¨¨ µÉ £²Ê¡¨´Ò ¢ ³¨Ï¥´¨. …¸É¥¸É¢¥´´µ, ÎÉµ ¤²Ö µ¶¨¸ ´¨Ö ÔËË¥±Éµ¢,
¸¢Ö§ ´´ÒÌ ¸ ¢Ò¸µ±¨³¨ ±µÔËË¨Í¨¥´É ³¨ · ¸¶Ò²¥´¨Ö ¢ ³µ¤¥²¨ ¨¸¶ ·¥´¨Ö, ´¥-
µ¡Ìµ¤¨³µ ¢¢¥¸É¨ ¨ § ¢¨¸¨³µ¸ÉÓ µÉ £²Ê¡¨´Ò ¢ ³¨Ï¥´¨, ± ±, ´ ¶·¨³¥·, ¡Ò²µ
¸¤¥² ´µ ¢ · ¡µÉ Ì [28, 29], ¢ ±µÉµ·ÒÌ ¡Ò²¨ · ¸¸³µÉ·¥´Ò ¶·µ¡²¥³Ò Ë §µ¢ÒÌ
¶¥·¥Ìµ¤µ¢, É ±¨Ì ± ± É¢¥·¤µ¥ É¥²µ Å ¦¨¤±µ¸ÉÓ ¨ É¢¥·¤µ¥ É¥²µ Å ¶ ·µµ¡· §-
´µ¥ ¸µ¸ÉµÖ´¨¥ ¶µ¤ ¤¥°¸É¢¨¥³ ³µÐ´ÒÌ ¨³¶Ê²Ó¸´ÒÌ ¶ÊÎ±µ¢ ÉÖ¦¥²ÒÌ ¨µ´µ¢
³ ²µ° Ô´¥·£¨¨ ¶·¨ ³ ²µ³ ¶·µ¡¥£¥ ¨µ´µ¢.

� ¸¶Ò²¥´¨¥ ¢ ³¥Ì ´¨§³¥ ¨¸¶ ·¥´¨Ö ¨³¥¥É ³¥¸Éµ ¢ ¤¨Ô²¥±É·¨± Ì ¨ ³ É¥-
·¨ ² Ì ¸ ¢Ò¸µ±µ° ±µ´Í¥´É· Í¨¥° ¶·µÉÖ¦¥´´ÒÌ ¤¥Ë¥±É´ÒÌ ¸É·Ê±ÉÊ·, É ±¨Ì
± ± ¤¨¸²µ± Í¨¨, ¶µ·Ò, ³¥¦Ê§²µ¢Ò¥ ¨ ¤¨¸²µ± Í¨µ´´Ò¥ ¶¥É²¨,   É ±¦¥ ¶·¨
¢Ò¸µ±µ° ±µ´Í¥´É· Í¨¨ ÉµÎ¥Î´ÒÌ ¤¥Ë¥±Éµ¢ Ë·¥´±¥²¥¢¸±¨Ì ¶ · [30Ä32].

“Î¥É ¢²¨Ö´¨Ö É¥³¶¥· ÉÊ·Ò ·¥Ï¥É±¨ ´  ¶ · ³¥É·Ò ·¥Ï¥É±¨, É ±¨¥ ± ±
Ê¤¥²Ó´ Ö É¥¶²µ¥³±µ¸ÉÓ ¨ É¥¶²µ¶·µ¢µ¤´µ¸ÉÓ, ¶·¨ ·¥Ï¥´¨¨ ¸¢Ö§ ´´ÒÌ Ê· ¢´¥-
´¨° É¥¶²µ¶·µ¢µ¤´µ¸É¨ ¢ Í¨²¨´¤·¨Î¥¸±µ° £¥µ³¥É·¨¨ ¸ µÉ¸ÊÉ¸É¢¨¥³ § ¢¨¸¨³µ-
¸É¨ µÉ £²Ê¡¨´Ò É·¥±  ¡Ò² ¢Ò¶µ²´¥´ ¢ Í¥²µ³ ·Ö¤¥ · ¡µÉ (¸³., ´ ¶·¨³¥·, [7Ä9,
11, 33Ä36]).

‡ ³¥É¨³, ÎÉµ Ì · ±É¥·´µ¥ ¢·¥³Ö ¤µ¸É¨¦¥´¨Ö Ô²¥±É·µ´ ³¨ · ¢´µ¢¥¸´µ£µ
· ¸¶·¥¤¥²¥´¨Ö ¸µ¸É ¢²Ö¥É (1Ä5)·10−15 c [7, 33Ä35],   ¢·¥³Ö ¢Ò· ¢´¨¢ ´¨Ö É¥³-
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¶¥· ÉÊ·Ò Ô²¥±É·µ´µ¢ ¨ ·¥Ï¥É±¨ Å (1Ä5)·10−13 c [7, 33, 34]. �µÔÉµ³Ê ÊÎ¥É
¢²¨Ö´¨Ö É¥³¶¥· ÉÊ·Ò ´  Ê¤¥²Ó´ÊÕ É¥¶²µ¥³±µ¸ÉÓ ¨ É¥¶²µ¶·µ¢µ¤´µ¸ÉÓ ¶·¨ Î¨-
¸²¥´´µ³ ·¥Ï¥´¨¨ Ê· ¢´¥´¨° É¥¶²µ¶·µ¢µ¤´µ¸É¨ ¢Ò§Ò¢ ¥É § ±µ´µ³¥·´Ò° ¢µ-
¶·µ¸: ¢µ§³µ¦´Ò ²¨ § ³¥É´Ò¥ ¨§³¥´¥´¨Ö ÔÉ¨Ì ¶ · ³¥É·µ¢ §  ¸Éµ²Ó ±µ·µÉ±¨¥
¢·¥³¥´  ¤²Ö ´¥· ¢´µ¢¥¸´µ° ¸¨¸É¥³Ò ¨²¨ ´¥É.

–¥²ÓÕ ´ ¸ÉµÖÐ¥° · ¡µÉÒ Ö¢²Ö¥É¸Ö Î¨¸²¥´´µ¥ ¨¸¸²¥¤µ¢ ´¨¥ Ê· ¢´¥´¨° É¥-
¶²µ¶·µ¢µ¤´µ¸É¨ ¢ Í¨²¨´¤·¨Î¥¸±µ° £¥µ³¥É·¨¨ ¤²Ö ®´ £·¥Éµ£µ¯ Ô²¥±É·µ´´µ£µ
£ §  [37] ¨ ·¥Ï¥É±¨ ¶·¨ ¶µ¸ÉµÖ´´ÒÌ §´ Î¥´¨ÖÌ É¥¶²µ¥³±µ¸É¨ ¨ É¥¶²µ¶·µ¢µ¤-
´µ¸É¨.
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‘¨¸É¥³  ¸¢Ö§ ´´ÒÌ Ê· ¢´¥´¨° ¢ Î ¸É´ÒÌ ¶·µ¨§¢µ¤´ÒÌ ¢ Í¨²¨´¤·¨Î¥¸±µ°
¸¨¸É¥³¥ ±µµ·¤¨´ É § ¶¨¸Ò¢ ¥É¸Ö ¡¥§ ÊÎ¥É  § ¢¨¸¨³µ¸É¨ Ê¤¥²Ó´µ° É¥¶²µ¥³±µ-
¸É¨ ¨ É¥¶²µ¶·µ¢µ¤´µ¸É¨ µÉ É¥³¶¥· ÉÊ·Ò,   ¸²¥¤µ¢ É¥²Ó´µ ¨ µÉ ±µµ·¤¨´ ÉÒ r
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∂r
+

∂2Te

∂r2
+

∂2Te

∂z2

}
− g(T0)(Te − Ti) + A(r, z, t),

(1)

C(T0)
∂Ti

∂t
= λ

‖
i (T0)

{
1
r

∂Ti

∂r
+

∂2Ti

∂r2

}
+ λ⊥

i (T0)
∂2Ti

∂z2
+ g(T0)(Te − Ti). (2)

�¸Ó z ´ ¶· ¢²¥´  ¶¥·¶¥´¤¨±Ê²Ö·´µ µ¡²ÊÎ ¥³µ° ¶µ¢¥·Ì´µ¸É¨ ³¨Ï¥´¨, Éµ
¥¸ÉÓ ¶µ ´ ¶· ¢²¥´¨Õ ¤¢¨¦¥´¨Ö ÉÖ¦¥²µ£µ ¨µ´ . �·µ¨§¢µ¤´ Ö ¶µ Ê£²Ê µÉ¸ÊÉ-
¸É¢Ê¥É ¢¢¨¤Ê Í¨²¨´¤·¨Î¥¸±µ° ¸¨³³¥É·¨¨ Ê¤¥²Ó´ÒÌ ¨µ´¨§ Í¨µ´´ÒÌ ¶µÉ¥·Ó
ÉÖ¦¥²µ£µ ¨µ´ . ‡¤¥¸Ó Te(r, z, t) ¨ Ti(r, z, t) Å É¥³¶¥· ÉÊ·Ò Ô²¥±É·µ´µ¢ ¨ ·¥-

Ï¥É±¨; Ce(Te), Ci(Ti) ¨ λe(Te), λ
‖,⊥
i (Ti) Å ¸µµÉ¢¥É¸É¢¥´´µ Ê¤¥²Ó´Ò¥ É¥¶²µ-

¥³±µ¸É¨ ¨ É¥¶²µ¶·µ¢µ¤´µ¸É¨ Ô²¥±É·µ´µ¢ ¨ ·¥Ï¥É±¨, ¢ µ¡Ð¥³ ¸²ÊÎ ¥ § ¢¨¸Ö-
Ð¨¥ µÉ É¥³¶¥· ÉÊ·Ò. ‚ · ¸¸³ É·¨¢ ¥³µ³ ¢ ·¨ ´É¥ ÔÉ¨ ±µ´¸É ´ÉÒ ´¥ § ¢¨¸ÖÉ
µÉ É¥³¶¥· ÉÊ·Ò. ‘¨³¢µ²Ò ®‖¯ ¨ ®⊥¯ µ§´ Î ÕÉ, ÎÉµ É¥¶²µ¶·µ¢µ¤´µ¸ÉÓ ¤²Ö
³µ´µ±·¨¸É ²²µ¢ ¨´µ£¤  § ¢¨¸¨É µÉ ´ ¶· ¢²¥´¨Ö, ¨ µ´¨ ¸µµÉ¢¥É¸É¢ÊÕÉ ´ ¶· -
¢²¥´¨Ö³ ¢¤µ²Ó ¨ ¶¥·¶¥´¤¨±Ê²Ö·´µ ± ¶µ¢¥·Ì´µ¸É¨. g Å ±µ´¸É ´É  Ô²¥±É·µ´-
Ëµ´µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö. ‚ µ¡Ð¥³ ¸²ÊÎ ¥ ËÊ´±Í¨Ö A(r, z, t) Å µ¡Ñ¥³´ Ö
¶²µÉ´µ¸ÉÓ ¢´µ¸¨³µ° ¨µ´µ³ ³µÐ´µ¸É¨. �´  ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¢ ¢¨¤¥
´ ¨¡µ²¥¥ Î ¸Éµ ¨¸¶µ²Ó§Ê¥³µ£µ ¢Ò· ¦¥´¨Ö [33Ä35, 37]:

A(r, z, t) = bSinel0exp
(
− (t − t0)2

2σ2
t

)
exp(−r/r0)µ(z). (3)
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‡¤¥¸Ó ËÊ´±Í¨Ö µ(z) Å ¶·µË¨²Ó ¨µ´¨§ Í¨µ´´ÒÌ ¶µÉ¥·Ó ¨µ´  Sinel(z), ´µ·³¨-
·µ¢ ´´Ò° ´  §´ Î¥´¨¥ ¨µ´¨§ Í¨µ´´ÒÌ ¶µÉ¥·Ó Ô´¥·£¨¨ E ´  ¢Ìµ¤¥ ¢ ³¨Ï¥´Ó
Sinel0:

µ(z) = Sinel(z)/Sinel0, Sinel0 = Sinel(z = 0), Sinel = dE/dz. (4)

‚·¥³Ö ¤µ¸É¨¦¥´¨Ö Ô²¥±É·µ´ ³¨ · ¢´µ¢¥¸´µ£µ · ¸¶·¥¤¥²¥´¨Ö (Éµ ¥¸ÉÓ ¢·¥³Ö
¸¢µ¡µ¤´µ£µ ¶·µ¡¥£  δ-Ô²¥±É·µ´µ¢ ¸µ ¸·¥¤´¥° Ô´¥·£¨¥° εe) t0 � (1Ä5)·10−15 c,
¶µ²ÊÏ¨·¨´  · ¸¶·¥¤¥²¥´¨Ö ¶µ ¢·¥³¥´¨ t ¶·¨´ÖÉ  · ¢´µ° σt = t0 [34]. ‘±µ-
·µ¸ÉÓ Ô±¸¶µ´¥´Í¨ ²Ó´µ£µ ¸¶ ¤  [35] ¨²¨ ¶·µ¸É· ´¸É¢¥´´ Ö Ï¨·¨´  ¢Ò¸µ±µ-
¢µ§¡Ê¦¤¥´´µ° µ¡² ¸É¨ [36] r0 ≤ 2, 5 ´³ (¸µ£² ¸´µ ¤ ´´Ò³ · ¡µÉÒ [35]) ¨
r0 � 1 ´³ (¸³. [20]).

�µ·³¨·ÊÕÐ¨° ³´µ¦¨É¥²Ó b µ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê¸²µ¢¨Ö ´µ·³¨·µ¢±¨:∫ ∞

0

dt

∫ rm

0

2πrA(r, z, t)dr = Sinel = Sinel0µ(z); (5)

§¤¥¸Ó rm Å ³ ±¸¨³ ²Ó´Ò° ¶·µ¡¥£ δ-Ô²¥±É·µ´µ¢, § ¢¨¸ÖÐ¨° µÉ ³ ±¸¨³ ²Ó´µ°
Ô´¥·£¨¨ εm, ¶¥·¥¤ ¢ ¥³µ° µÉ¤¥²Ó´µ³Ê Ô²¥±É·µ´Ê [20, 36]. �É¸Õ¤  ¶µ¸²¥
¨´É¥£·¨·µ¢ ´¨Ö ¨³¥¥³ ¢Ò· ¦¥´¨¥ ¤²Ö ´µ·³¨·µ¢µÎ´µ£µ ³´µ¦¨É¥²Ö:

b = {(2π)3/20, 84134r2
0t0[1 − exp(−rm/r0) · (1 + rm/r0)]}−1. (6)

’µ£¤  ¶·¨ rm/r0 � 1 Ê¶·µÐ¥´´µ¥ ¢Ò· ¦¥´¨¥ § ¶¨¸Ò¢ ¥É¸Ö ¢ Ëµ·³¥

b = {(2π)3/20, 84134r2
0t0}−1.

ˆ§ Ê¸²µ¢¨Ö µ£· ´¨Î¥´´µ¸É¨ ·¥Ï¥´¨° Ê· ¢´¥´¨° (É¥³¶¥· ÉÊ· Ô²¥±É·µ´µ¢ ¨
·¥Ï¥É±¨) ¨ ¨Ì · ¢¥´¸É¢  ¨¸Ìµ¤´µ° É¥³¶¥· ÉÊ·¥ ´  ¤µ¸É ÉµÎ´µ³ Ê¤ ²¥´¨¨ µÉ
É· ¥±Éµ·¨¨ ¶µ · ¤¨Ê¸Ê (r = Rmax) ¨ ¶µ £²Ê¡¨´¥ (z = Zmax) ³µ¦¥³ ´ ¶¨¸ ÉÓ
´ Î ²Ó´Ò¥ Ê¸²µ¢¨Ö (¸³., ´ ¶·¨³¥·, [4, 6]):

Te,i(r, z, 0) = T0 = 300 K, (7)

  £· ´¨Î´Ò¥ Ê¸²µ¢¨Ö § ¶¨Ï¥³ ¢ ¢¨¤¥

∂Te,i(r, z, t)
∂r

|r=0 = 0,
∂Te,i(r, z, t)

∂z
|z=0 = 0, (8)

Te,i(Rmax, z, t) = Te,i(r, Zmax, t) = T0. (9)

‡¤¥¸Ó ¨ ¤ ²¥¥ Rmax Å ³¨´¨³ ²Ó´Ò° · ¤¨Ê¸ Ê¤ ²¥´¨Ö µÉ É· ¥±Éµ·¨¨ ¨µ´ ,
  Zmax Å ³¨´¨³ ²Ó´ Ö £²Ê¡¨´ , ¶·¥¢ÒÏ ÕÐ Ö ¤²¨´Ê ¶·µ¥±É¨¢´µ£µ ¶·µ¡¥£ 
¨µ´ , ¶·¨ ±µÉµ·ÒÌ ·¥Ï¥É±Ê ³µ¦´µ ¸Î¨É ÉÓ ´¥¢µ§³ÊÐ¥´´µ°,   ¥¥ É¥³¶¥· ÉÊ·Ê
¶·¨ r > Rmax ¨ z > Zmax · ¢´µ° T0. ’¥³ ¸ ³Ò³ ´ Î ²Ó´Ò¥ ¨ £· ´¨Î´Ò¥
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Ê¸²µ¢¨Ö µ§´ Î ÕÉ, ÎÉµ ¢ ´ Î ²Ó´Ò° ³µ³¥´É ¢·¥³¥´¨ Ô²¥±É·µ´´ Ö ¨ ¨µ´´ Ö
¶µ¤¸¨¸É¥³Ò ¨³¥ÕÉ É¥³¶¥· ÉÊ·Ê, · ¢´ÊÕ ±µ³´ É´µ°,   £· ´¨Í  z = 0 É¥¶²µ-
¨§µ²¨·µ¢ ´ . Š·µ³¥ Éµ£µ, É¥³¶¥· ÉÊ·Ò Ô²¥±É·µ´´µ£µ £ §  ¨ ·¥Ï¥É±¨ ´  ¡µ²Ó-
Ïµ³ · ¸¸ÉµÖ´¨¨ µÉ É· ¥±Éµ·¨¨ ¨µ´  É ±¦¥ · ¢´Ò ±µ³´ É´µ° É¥³¶¥· ÉÊ·¥.

�·¨ ·¥Ï¥´¨¨ ¸¨¸É¥³Ò Ê· ¢´¥´¨° (1), (2) Í¥²¥¸µµ¡· §´µ ¢¢¥¸É¨ ¡¥§· §-
³¥·´Ò¥ ¶¥·¥³¥´´Ò¥,   ¨³¥´´µ: Ťe = Te/T0, Ťi = Ti/T0, ř = r/∆r, ž = z/∆z,
ť = t/∆t, £¤¥ ∆r, ∆z ¨ ∆t Å ¥¤¨´¨ÍÒ ¨§³¥·¥´¨Ö · ¸¸ÉµÖ´¨Ö ¨ ¢·¥³¥´¨. �É¨
¥¤¨´¨ÍÒ ¢Ò¡¨· ¥³ ¢ ¢¨¤¥ ∆t = α1t0 ¨ ∆r = ∆z = α2r0. ‡¤¥¸Ó α1, α2 Å
¶·µ¨§¢µ²Ó´Ò¥ ¡¥§· §³¥·´Ò¥ ±µ´¸É ´ÉÒ. ‡´ Î¥´¨Ö ÔÉ¨Ì ±µ´¸É ´É ¶µ²µ¦¨³
· ¢´Ò³¨: α1 = α2 = 100. ’µ£¤  ¸¨¸É¥³Ê Ê· ¢´¥´¨° (1), (2) ³µ¦´µ § ¶¨¸ ÉÓ ¢
¢¨¤¥ (¢¥·Ì´¨¥ §´ Î±¨ ´ ¤ ¡¥§· §³¥·´Ò³¨ ¢¥²¨Î¨´ ³¨ µ¶ÊÐ¥´Ò):

∂Te

∂t
= ke

{
1
r

∂Te

∂r
+

∂2Te

∂r2
+

∂2Te

∂z2

}
− ge(Te − Ti) + A(r, z, t), (10)

∂Ti

∂t
= k

‖
i

{
1
r

∂Ti

∂r
+

∂2Ti

∂r2

}
+ k⊥

i

∂2Ti

∂z2
+ gi(Te − Ti), (11)

£¤¥ kβ = λβ(T0)α1t0/[Cβ(α2t0)2], gβ = gα1t0/Cβ ,   ¨´¤¥±¸ β = e, i.

‚ ¸²ÊÎ ¥, ¥¸²¨ ¢ ±·¨¸É ²²¥ ´¥É  ´¨§µÉ·µ¶¨¨, k
‖
i = k⊥

i = ki ¨ Ê· ¢´¥´¨¥
(11) Ê¶·µÐ ¥É¸Ö. � Î ²Ó´Ò¥ ¨ £· ´¨Î´Ò¥ Ê¸²µ¢¨Ö (7)Ä(9) Éµ£¤  § ¶¨¸Ò¢ ÕÉ¸Ö
¢ ¢¨¤¥

Tβ(r, z, 0) = 1;
∂Tβ

∂r
|r=0 = 0;

∂Tβ

∂z
|z=0 = 0; (12)

Tβ(Rmax, z, t) = 1; Tβ(r, Zmax, t) = 1. (13)

	¥§· §³¥·´ Ö µ¡Ñ¥³´ Ö ¶²µÉ´µ¸ÉÓ ³µÐ´µ¸É¨ A(r, z, t) ¢ Ê· ¢´¥´¨¨ (10)
µ¶·¥¤¥²Ö¥É¸Ö Ëµ·³Ê²µ°

A(r, z, t) = A0exp(−α2r)exp[−α2
1(t − 0, 05)2/2]µ(z), (14)

§¤¥¸Ó A0 = bSinel0α1t0/(CeT0).
�É³¥É¨³, ÎÉµ ¢ § ¶¨¸¨ ¢Ò· ¦¥´¨Ö A(r, z, t) ¢ ¢¨¤¥ (14) ¶µ ¸· ¢´¥´¨Õ ¸

¢Ò· ¦¥´¨¥³, ¶·¨¢¥¤¥´´Ò³ ¢ (3), ¨³¥¥É¸Ö · §²¨Î¨¥. ‡ ¢¨¸ÖÐ¨° µÉ ¢·¥³¥´¨
¸µ³´µ¦¨É¥²Ó ¢ ¢Ò· ¦¥´¨¨ (3) ¶·¥¤¸É ¢²Ö¥É¸Ö ± ± exp[−(t − t0)2/(2t20],   ¢
¢Ò· ¦¥´¨¨ (14) Å exp[−(t−5t0)2/(2t20)]. Š ± Ö¸´µ ¨§ Ëµ·³Ê²¨·µ¢±¨ § ¤ Î¨,
ËÊ´±Í¨Ö ¨¸ÉµÎ´¨±  A(r, z, t) ¶·¨ t = 0 ¤µ²¦´  ¡ÒÉÓ Éµ¦¥ · ¢´  ´Ê²Õ, ¶µ-
ÔÉµ³Ê ¢¢¥¤¥´¨¥ ±µÔËË¨Í¨¥´É  5 ¶¥·¥¤ t0 ¶µ§¢µ²Ö¥É §´ Î¨É¥²Ó´µ Ê³¥´ÓÏ¨ÉÓ
§´ Î¥´¨¥ ÔÉµ£µ ¢·¥³¥´´µ£µ ¸µ³´µ¦¨É¥²Ö,   ¨³¥´´µ ¢ e12 · §, ÎÉµ ¨ ¤¥² ¥É
¸¨ÉÊ Í¨Õ ¸ ¢·¥³¥´´µ° § ¢¨¸¨³µ¸ÉÓÕ ¡µ²¥¥ ·¥ ²¨¸É¨Î´µ°.

� · ³¥É·Ò ³µ¤¥²¨ Ce, Ci, g, λe, λi, Se(0) ¡Ò²¨ ¢§ÖÉÒ ¶·¨ ±µ³´ É´µ°
É¥³¶¥· ÉÊ·¥ T = 300 K ¤²Ö ´¨±¥²Ö ¨ ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨¥ §´ Î¥´¨Ö: Ce =
2,733 · 10−2„¦/(¸³3 · K), Ci = 3,91„¦/(¸³3 · K), g = 4,05 · 1012‚É/(¸³3 · Š),
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λe = 4,1‚É/(¸³ · K), λi = 0,91‚É/(¸³ · K), Se(0) = 1,157 · 10−7„¦/¸³. „²Ö
¶·¨¢¥¤¥´´ÒÌ ¢¥²¨Î¨´ ¡¥§· §³¥·´Ò¥ ¶ · ³¥É·Ò ke, ki, ge, gi, A0, Rmax, Zmax

¶·¨´¨³ ÕÉ §´ Î¥´¨Ö: ke � 0, 15; ki � 2, 33 · 10−4; ge � 14, 82; gi � 0, 1036;
A0 � 8, 97 · 106; Rmax = 0, 2; Zmax = 200.

’ ±¨³ µ¡· §µ³, ¤²Ö Î¨¸²¥´´µ£µ ·¥Ï¥´¨Ö ²¨´¥°´µ° ¸¨¸É¥³Ò Ê· ¢´¥´¨°
(10), (11) ¸ ´ Î ²Ó´Ò³¨ ¨ £· ´¨Î´Ò³¨ Ê¸²µ¢¨Ö³¨ (12), (13) ¢¸¥ ¶ · ³¥É·Ò
¨§¢¥¸É´Ò ¨ § ¤ ´Ò ¤²Ö ¸²ÊÎ Ö ¶·µÌµ¦¤¥´¨Ö ¨µ´  Ê· ´  ¸ Ô´¥·£¨¥° 700 ŒÔ‚
¢ ´¨±¥²¥ (¸³. [7]). ‡ ¢¨¸¨³µ¸ÉÓ ´µ·³¨·µ¢ ´´ÒÌ ´  ³ ±¸¨³ ²Ó´µ¥ §´ Î¥´¨¥
Ê¤¥²Ó´ÒÌ ¨µ´¨§ Í¨µ´´ÒÌ ¶µÉ¥·Ó Ô´¥·£¨¨ µ(z) ¨µ´µ¢ Ê· ´  µÉ £²Ê¡¨´Ò ¢
³¨Ï¥´¨ ´¨±¥²Ö (¸³. ¢Ò· ¦¥´¨Ö (3), (4)) ¶·¨¢¥¤¥´  ´  ·¨¸. 1. � ¸Î¥É ¢Ò¶µ²´¥´
¶µ ´ ¨¡µ²¥¥ Î ¸Éµ ¨¸¶µ²Ó§Ê¥³µ° ±µ³¶ÓÕÉ¥·´µ° ¶·µ£· ³³¥ SRIM-2000.

�¨¸. 1. ‡ ¢¨¸¨³µ¸ÉÓ ´µ·³¨·µ¢ ´´ÒÌ ´  ³ ±¸¨³ ²Ó´µ¥ §´ Î¥´¨¥ (Sinel0) Ê¤¥²Ó´ÒÌ ¨µ-
´¨§ Í¨µ´´ÒÌ ¶µÉ¥·Ó Ô´¥·£¨¨ µ(z) ¨µ´µ¢ Ê· ´  ¢ ´¨±¥²¥ µÉ ¡¥§· §³¥·´µ° £²Ê¡¨´Ò
¶·µ¡¥£ 

2. Œ…’�„ —ˆ‘‹…���ƒ� �…˜…�ˆŸ

‚¢¥¤¥³ · ¢´µ³¥·´ÊÕ ¸¥É±Ê ¶µ ¶¥·¥³¥´´Ò³ ¢ Ê· ¢´¥´¨ÖÌ (10), (11), Éµ
¥¸ÉÓ ¶µ²µ¦¨³: { ri = ihr (i = 0, 1, · · · , m), zj = jhz (j = 0, 1, · · · , n), tk =
kht (k = 0, 1, · · · , l)}; hr, hz ¨ ht Ä ¸µµÉ¢¥É¸É¢¥´´µ Ï £¨ ¶µ ¶¥·¥³¥´´Ò³ r, z ¨
t. ‚µ ¨§¡¥¦ ´¨¥ ¶ÊÉ ´¨ÍÒ ¨´¤¥±¸µ¢ É¥³¶¥· ÉÊ·Ê Ô²¥±É·µ´´µ° ¶µ¤¸¨¸É¥³Ò ¨
É¥³¶¥· ÉÊ·Ê ·¥Ï¥É±¨ µ¡µ§´ Î¨³ Î¥·¥§ T ¨ T ¸µµÉ¢¥É¸É¢¥´´µ. ’µ£¤  §´ Î¥´¨Ö

ËÊ´±Í¨° T ¨ T ¢ Ê§² Ì (ri, zj, tk) µ¡µ§´ Î¨³ ¸¨³¢µ² ³¨ T
k

i,j ¨ T k
i,j .

„²Ö ·¥Ï¥´¨Ö ¸¨¸É¥³Ò Ê· ¢´¥´¨° (10)Ä(14) ¡Ê¤¥³ ¨¸¶µ²Ó§µ¢ ÉÓ ¸²¥¤ÊÕ-
ÐÊÕ ¤¢ÊÌ¸²µ°´ÊÕ Ö¢´ÊÕ ±µ´¥Î´µ-· §´µ¸É´ÊÕ ¸Ì¥³Ê ¶µ·Ö¤±   ¶¶·µ±¸¨³ Í¨¨
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O(ht + h2
r + h2

z) [38Ä40]:

T
k+1

i,j − T
k

i,j

ht
=

ke

{
T

k

i+1,j− 2T
k

i,j + T
k

i−1,j

h2
r

+
1
r

T
k

i+1,j− T
k

i−1,j

2hr
+

T
k

i,j+1− 2T
k

i,j + T
k

i,j−1

h2
z

}
−

− ge(T
k

i,j − T k
i,j) + Ak

i,j ;

4T
k+1

1,j − T
k+1

2,j − 3T
k+1

0,j

2hr
= 0;

4T
k+1

i,1 − T
k+1

i,2 − 3T
k+1

i,0

2hz
= 0; (15)

T k+1
i,j − T k

i,j

ht
=

ki

{
T k

i+1,j − 2T k
i,j + T k

i−1,j

h2
r

+
1
r

T k
i+1,j − T k

i−1,j

2hr
+

T k
i,j+1 − 2T k

i,j + T k
i,j−1

h2
z

}
+

+ gi(T
k

i,j − T k
i,j);

4T k+1
1,j − T k+1

2,j − 3T k+1
0,j

2hr
= 0;

4T k+1
i,1 − T k+1

i,2 − 3T k+1
i,0

2hz
= 0;

T
k+1

m,j = T k+1
m,j = 1; T

k+1

i,n = T k+1
i,m = 1; T

0

i,j = T 0
i,j = 1;

i = 1, 2, · · · , m − 1; j = 1, 2, · · · , n − 1; k = 0, 1, 2, · · · , l. (16)

�·¨ ¢ÒÎ¨¸²¥´¨¨ ¶µ ¤ ´´µ° ¸Ì¥³¥ Ï £ ¶µ ¢·¥³¥´¨ ht ¢Ò¡¨· ¥É¸Ö ¨§ Ê¸²µ-
¢¨Ö Ê¸Éµ°Î¨¢µ¸É¨ ¸Ì¥³Ò [38]

ke,iht(1/h2
r + 1/h2

z) ≤ 1/2. (17)

„ ´´ Ö ¸Ì¥³  ¶µ§¢µ²Ö¥É ´  ± ¦¤µ³ (k + 1)-³ ¢·¥³¥´´µ³ Ï £¥ ¶µ ¨§-
¢¥¸É´Ò³ §´ Î¥´¨Ö³ É¥³¶¥· ÉÊ· Ô²¥±É·µ´µ¢ ¨ ¨µ´µ¢ ´  k-³ ¢·¥³¥´´µ³ ¸²µ¥
´ Ìµ¤¨ÉÓ ¨Ì §´ Î¥´¨Ö ¸´ Î ²  ¢µ ¢¸¥Ì ¢´ÊÉ·¥´´¨Ì ÉµÎ± Ì (i = 1, 2, · · · , m−1;
j = 1, 2, · · · , n − 1),   ¶µÉµ³ ¨§ ¤¨¸±·¥É´µ° § ¶¨¸¨ £· ´¨Î´ÒÌ Ê¸²µ¢¨° ¨Ì
§´ Î¥´¨Ö ¢ £· ´¨Î´ÒÌ ÉµÎ± Ì (i = 0, m; j = 0, n).

Š ± Ê¦¥ µÉ³¥Î¥´µ, ËÊ´±Í¨Ö µ(z) ¢ÒÎ¨¸²Ö¥É¸Ö ¶µ ¶·µ£· ³³¥ SRIM-2000
¢ ¢¨¤¥ É ¡²¨ÍÒ. �·¨ Î¨¸²¥´´µ³ ³µ¤¥²¨·µ¢ ´¨¨ ³Ò ÔÉÊ ËÊ´±Í¨Õ ¶·¥¤¢ ·¨-
É¥²Ó´µ ¸£² ¦¨¢ ¥³ ¨ ¨´É¥·¶µ²¨·Ê¥³ ±Ê¡¨Î¥¸±¨³ ¸¶² °´µ³.

„²Ö ¶·µ¢¥·±¨ ÉµÎ´µ¸É¨ ¸Ì¥³Ò (15)Ä(17) ¶·µ¢µ¤¨²¸Ö Î¨¸²¥´´Ò° Ô±¸¶¥·¨-
³¥´É ¶·¨ Ë¨±¸¨·µ¢ ´´ÒÌ Ï £ Ì hr, ht ¨ ´  ¸£ÊÐ ÕÐ¥°¸Ö ¸¥É±¥ ¶µ z, É.¥. hz,
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hz/2, hz/4 (hr = 10−3, hz = 4 · 10−2, ht = 3 · 10−6). �µ²ÊÎ¥´Ò ¸²¥¤ÊÕÐ¨¥
·¥§Ê²ÓÉ ÉÒ:

max
0≤t≤1,2

∣∣∣∣∣
T e

hz
(0, 0, t) − T e

hz/2(0, 0, t)

(T e
hz

(0, 0, t) + T e
hz/2(0, 0, t))/2

∣∣∣∣∣ � 5, 5 · 10−6 ¶·¨ t � 0, 21;

max
0≤t≤1,2

∣∣∣∣∣
T e

hz/2(0, 0, t) − T e
hz/4(0, 0, t)

(T e
hz/2(0, 0, t) + T e

hz/4(0, 0, t))/2

∣∣∣∣∣ � 2, 5 · 10−6 ¶·¨ t � 0, 21;

max
0≤t≤1,2

∣∣∣∣∣
T i

hz
(0, 0, t) − T i

hz/2(0, 0, t)

(T i
hz

(0, 0, t) + T i
hz/2(0, 0, t))/2

∣∣∣∣∣ � 4, 5 · 10−6 ¶·¨ t � 0, 05;

max
0≤t≤1,2

∣∣∣∣∣
T i

hz/2(0, 0, t) − T i
hz/4(0, 0, t)

(T i
hz/2(0, 0, t) + T i

hz/4(0, 0, t))/2

∣∣∣∣∣ � 1, 6 · 10−6 ¶·¨ t � 0, 05.

Š ± ¢¨¤´µ, ´ °¤¥´´Ò¥ µÉ´µ¸¨É¥²Ó´Ò¥ · §´µ¸É¨ ¶·µË¨²¥° É¥³¶¥· ÉÊ· ´ 
¸£ÊÐ ÕÐ¥°¸Ö ¸¥É±¥ Ê³¥´ÓÏ ÕÉ¸Ö. �·¨ ·¥Ï¥´¨¨ ¸¨¸É¥³Ò Ê· ¢´¥´¨° ´¥¢Ö§± 
¶µ²ÊÎ¨² ¸Ó · ¢´µ° δ � 10−6.

3. —ˆ‘‹…��›‰ ���‹ˆ‡ ˆ ��‘“†„…�ˆ… …ƒ� �…‡“‹œ’�’�‚

‘ ¨¸¶µ²Ó§µ¢ ´¨¥³ Ê· ¢´¥´¨° (10)Ä(13) ¶·µ ´ ²¨§¨·µ¢ ´Ò ¢·¥³¥´´Ò¥ ¨
±µµ·¤¨´ É´Ò¥ § ¢¨¸¨³µ¸É¨ É¥³¶¥· ÉÊ· Ô²¥±É·µ´´µ£µ £ §  Te ¨ ·¥Ï¥É±¨ Ti.
�  ·¨¸. 2 ¶·¥¤¸É ¢²¥´Ò § ¢¨¸¨³µ¸É¨ µÉ ¢·¥³¥´¨ É¥³¶¥· ÉÊ·Ò Ô²¥±É·µ´´µ£µ

�¨¸. 2. ‡ ¢¨¸¨³µ¸É¨ µÉ ¢·¥³¥´¨ É¥³¶¥· ÉÊ·Ò Ô²¥±É·µ´´µ£µ £ §  (a) ¨ ·¥Ï¥É±¨ (¡) ´ 
¶µ¢¥·Ì´µ¸É¨ (¶·¨ z = 0) µ¡²ÊÎ ¥³µ£µ ¨µ´ ³¨ Ê· ´  ´¨±¥²Ö ¤²Ö · §²¨Î´ÒÌ · ¸¸ÉµÖ´¨°
µÉ É· ¥±Éµ·¨¨. ˜É·¨Ìµ¢Ò³¨ ¶·Ö³Ò³¨ ´  ·¨¸. 2, ¡ ¢Ò¤¥²¥´Ò É¥³¶¥· ÉÊ·Ò ¶² ¢²¥´¨Ö
Tmelt ¨ ¨¸¶ ·¥´¨Ö Tevap

£ §  (·¨¸. 2,  ) ¨ ·¥Ï¥É±¨ (·¨¸. 2, ¡) ´  ¶µ¢¥·Ì´µ¸É¨ µ¡· §Í  ´¨±¥²Ö, µ¡²Ê-
Î ¥³µ£µ ¨µ´ ³¨ Ê· ´ , ´  · §²¨Î´ÒÌ · ¸¸ÉµÖ´¨ÖÌ µÉ É· ¥±Éµ·¨¨ ¨µ´  r =
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0; 0, 04; 0, 08. ‚¨¤´µ, ÎÉµ ¶·¨ ¢¸¥Ì ¢Ò¡· ´´ÒÌ §´ Î¥´¨ÖÌ · ¤¨Ê¸  r É¥³¶¥· -
ÉÊ·  ·¥Ï¥É±¨ ¶·¥¢ÒÏ ¥É É¥³¶¥· ÉÊ·Ê ¶² ¢²¥´¨Ö Tmelt ´¨±¥²Ö,   ¶·¨ r < 0, 8 ¨
É¥³¶¥· ÉÊ·Ê ¨¸¶ ·¥´¨Ö T > Tevap. ‘²¥¤µ¢ É¥²Ó´µ, ¶·¨ ¤µ¸É¨¦¥´¨¨ ·¥Ï¥É±µ°
É¥³¶¥· ÉÊ·Ò, ¶·¥¢ÒÏ ÕÐ¥° Tmelt = 5, 76, Tevap = 10, 6, ´¥µ¡Ìµ¤¨³µ ·¥Ï ÉÓ
¸¨¸É¥³Ê Ê· ¢´¥´¨° ¤²Ö É¥¶²µ¶·µ¢µ¤´µ¸É¥° ¸ ÊÎ¥Éµ³ Ë §µ¢ÒÌ ¶¥·¥Ìµ¤µ¢. � 
·¨¸. 3 ¶·¥¤¸É ¢²¥´Ò § ¢¨¸¨³µ¸É¨ µÉ ¢·¥³¥´¨ É¥³¶¥· ÉÊ·Ò Ô²¥±É·µ´´µ£µ £ § 

�¨¸. 3. ‡ ¢¨¸¨³µ¸É¨ µÉ ¢·¥³¥´¨ É¥³¶¥· ÉÊ·Ò Ô²¥±É·µ´´µ£µ £ §  (a) ¨ ·¥Ï¥É±¨ (¡) ´ 
É· ¥±Éµ·¨¨ ¶·µÌµ¦¤¥´¨Ö ¨µ´  Ê· ´  Î¥·¥§ ¶µ¢¥·Ì´µ¸ÉÓ (r = 0) ¤²Ö · §´ÒÌ £²Ê¡¨´ z
¢ ³¨Ï¥´¨. ˜É·¨Ìµ¢Ò³¨ ¶·Ö³Ò³¨ ´  ·¨¸. 3 ¢Ò¤¥²¥´Ò É¥³¶¥· ÉÊ·Ò ¶² ¢²¥´¨Ö Tmelt ¨
¨¸¶ ·¥´¨Ö Tevap

( ) ¨ ·¥Ï¥É±¨ (¡) ´  É· ¥±Éµ·¨¨ ¶·µÌµ¦¤¥´¨Ö ¨µ´  Ê· ´  Î¥·¥§ µ¡· §¥Í ´¨-
±¥²Ö (Éµ ¥¸ÉÓ ¶·¨ r = 0) ¤²Ö · §´ÒÌ £²Ê¡¨´ ¢ ³¨Ï¥´¨ z = 0; 40; 80. ‚¨¤´µ,
ÎÉµ, ± ± ¨ ´  ·¨¸. 2, ¶·¨ ¶·¨¢¥¤¥´´ÒÌ §´ Î¥´¨ÖÌ z É¥³¶¥· ÉÊ·  ·¥Ï¥É±¨ ¶·¥-
¢ÒÏ ¥É É¥³¶¥· ÉÊ·Ò ¶² ¢²¥´¨Ö ¨ ¨¸¶ ·¥´¨Ö Tmelt, Tevap (·¨¸. 3, ¡). Š·µ³¥
Éµ£µ, ¶·¨ Ê¢¥²¨Î¥´¨¨ ¢·¥³¥´¨ t > 0,1 É¥³¶¥· ÉÊ·  ¢¤µ²Ó É· ¥±Éµ·¨¨ ¨µ´ 
´ Î¨´ ¥É Ê³¥´ÓÏ ÉÓ¸Ö, Éµ ¥¸ÉÓ ¤µ²¦´Ò ¶·µ¨¸Ìµ¤¨ÉÓ ¶·µÍ¥¸¸Ò ·¥±·¨¸É ²²¨-
§ Í¨¨ · ¸¶² ¢²¥´´µ° µ¡² ¸É¨. �  ·¨¸. 4 ¶·¨¢¥¤¥´Ò § ¢¨¸¨³µ¸É¨ Ô²¥±É·µ´´µ°

�¨¸. 4. � ¤¨ ²Ó´Ò¥ ¶·µË¨²¨ É¥³¶¥· ÉÊ· Ô²¥±É·µ´´µ£µ £ §  (a) ¨ ±·¨¸É ²²¨Î¥¸±µ°
·¥Ï¥É±¨ (¡) ´  · §´ÒÌ £²Ê¡¨´ Ì µÉ ¶²µ¸±µ¸É¨ z = 0 (z = 0; 40; 80; 100) ¢ ³µ³¥´É
¢·¥³¥´¨ t = 0, 06
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( ) ¨ ·¥Ï¥ÉµÎ´µ° (¡) É¥³¶¥· ÉÊ· ¶µ · ¤¨Ê¸Ê r µÉ É· ¥±Éµ·¨¨ ¨µ´  Ê· ´  ¶·¨
· §²¨Î´ÒÌ £²Ê¡¨´ Ì ¢ ³¨Ï¥´¨: z = 0; 40; 80; 100 ¶·¨ §´ Î¥´¨¨ ¢·¥³¥´¨
t = 0, 06. �  ·¨¸. 5 ¶·¥¤¸É ¢²¥´Ò § ¢¨¸¨³µ¸É¨ Ô²¥±É·µ´´µ° ( ) ¨ ·¥Ï¥-

�¨¸. 5. �·µË¨²¨ É¥³¶¥· ÉÊ· Ô²¥±É·µ´´µ£µ £ §  (a) ¨ ±·¨¸É ²²¨Î¥¸±µ° ·¥Ï¥É±¨ (¡)
¢¤µ²Ó É·¥±  ¨µ´  ´  · §´ÒÌ · ¸¸ÉµÖ´¨ÖÌ µÉ µ¸¨ É·¥±  (r = 0; 0, 025; 0, 05; 0, 08) ¢
³µ³¥´É ¢·¥³¥´¨ t = 0, 06

�¨¸. 6. „¨´ ³¨±  ¨§³¥´¥´¨Ö ²¨´¨° Ê·µ¢´Ö É¥³¶¥· ÉÊ·Ò ¶² ¢²¥´¨Ö ±·¨¸É ²²¨Î¥¸±µ°
·¥Ï¥É±¨ ¸µ ¢·¥³¥´¥³

ÉµÎ´µ° (¡) É¥³¶¥· ÉÊ· ¶µ £²Ê¡¨´¥ z ¢ ³¨Ï¥´¨ ¶·¨ · §²¨Î´ÒÌ · ¸¸ÉµÖ´¨ÖÌ
µÉ É· ¥±Éµ·¨¨ ¨µ´  Ê· ´  r = 0; 0, 025; 0, 05; 0, 08 ¶·¨ §´ Î¥´¨¨ ¢·¥³¥´¨
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t = 0, 06. ‡ ³¥É¨³, ÎÉµ ¢¨¤ § ¢¨¸¨³µ¸É¥° Ô²¥±É·µ´´µ° ¨ ·¥Ï¥ÉµÎ´µ° É¥³-
¶¥· ÉÊ· µÉ · ¤¨Ê¸  r ¨ £²Ê¡¨´Ò z ´ ¶µ³¨´ ¥É ±µµ·¤¨´ É´Ò¥ § ¢¨¸¨³µ¸É¨
Ê¤¥²Ó´ÒÌ ¨µ´¨§ Í¨µ´´ÒÌ ¶µÉ¥·Ó Ô´¥·£¨¨.

•µÉÖ ³Ò ´¥ ·¥Ï ²¨ § ¤ ÎÊ ‘É¥Ë ´  (¶² ¢²¥´¨¥ ¨ § É¢¥·¤¥¢ ´¨¥) ¢µ±·Ê£
É·¥±  ¨µ´ , É¥³ ´¥ ³¥´¥¥ ¥¸ÉÓ ¢µ§³µ¦´µ¸ÉÓ ¶·¥¤¸± § ÉÓ Ëµ·³Ê ¨ ³ ±¸¨³ ²Ó-
´Ò° · §³¥· µ¡² ¸É¨, ¢´ÊÉ·¨ ±µÉµ·µ° ¶·µ¨¸Ìµ¤¨É ¨¸¶ ·¥´¨¥ ¨ ¶² ¢²¥´¨¥. � 
·¨¸. 6 ¶·¨¢¥¤¥´Ò ´  ¶²µ¸±µ¸É¨ (z, r) ²¨´¨¨ Ê·µ¢´¥° É¥³¶¥· ÉÊ·Ò ¶² ¢²¥´¨Ö
¢ · §´Ò¥ ³µ³¥´ÉÒ ¢·¥³¥´¨. �µ¢¥·Ì´µ¸É¨, ´  ±µÉµ·ÒÌ É¥³¶¥· ÉÊ·  ·¥Ï¥É±¨
· ¢´  É¥³¶¥· ÉÊ·¥ ¶² ¢²¥´¨Ö, ¶µ²ÊÎ ÕÉ¸Ö ¶·¨ ¢· Ð¥´¨¨ ÔÉ¨Ì ²¨´¨° ¢µ±·Ê£
µ¸¨ z. Š ± ¢¨¤´µ, ¶µ¢¥·Ì´µ¸ÉÓ Ê·µ¢´Ö É¥³¶¥· ÉÊ·Ò ¶² ¢²¥´¨Ö · ¸Ï¨·Ö¥É¸Ö
¨ ¤µ¸É¨£ ¥É ³ ±¸¨³ ²Ó´µ£µ · §³¥·  ¢ ³µ³¥´É ¢·¥³¥´¨ t � 0, 12 (·¨¸. 6,  ).
‚´¥ ÔÉµ° µ¡² ¸É¨ É¥³¶¥· ÉÊ·  ³¥´ÓÏ¥ É¥³¶¥· ÉÊ·Ò ¶² ¢²¥´¨Ö, ¶µÔÉµ³Ê ÔÉ 
µ¡² ¸ÉÓ Ö¢²Ö¥É¸Ö µ¡² ¸ÉÓÕ ³ ±¸¨³ ²Ó´µ£µ · §³¥· , ¢´ÊÉ·¨ ±µÉµ·µ° ¶·µ¨¸Ìµ-
¤¨É ¨¸¶ ·¥´¨¥ ¨ ¶² ¢²¥´¨¥ ³¥É ²² . „ ²ÓÏ¥ ¤ ´´ Ö µ¡² ¸ÉÓ ¶µ ´ ¶· ¢²¥´¨Õ
r ¶·µ¤µ²¦ ¥É ´¥§´ Î¨É¥²Ó´µ · ¸Ï¨·ÖÉÓ¸Ö, ¢ Éµ ¢·¥³Ö ± ± ¶µ ´ ¶· ¢²¥´¨Õ z
µ´  ´ Î¨´ ¥É Ê³¥´ÓÏ ÉÓ¸Ö (·¨¸. 6, ¡). �Éµ µ§´ Î ¥É, ÎÉµ § É¢¥·¤¥¢ ´¨¥ ¶·µ-
¨¸Ìµ¤¨É ¢ ´ ¶· ¢²¥´¨¨ z · ´ÓÏ¥, Î¥³ ¢ ´ ¶· ¢²¥´¨¨ r. � ¸Ï¨·¥´¨¥ Ê·µ¢´¥°
¶µ¢¥·Ì´µ¸É¨ É¥³¶¥· ÉÊ·Ò ¶² ¢²¥´¨Ö ¶·µ¤µ²¦ ¥É¸Ö ¤µ ³µ³¥´É  t = 0, 27,  
¶µÉµ³ ¸É ¡¨²¨§¨·Ê¥É¸Ö (·¨¸. 6, ¢).

„ ²ÓÏ¥ ¶·µ¨¸Ìµ¤¨É Ê³¥´ÓÏ¥´¨¥ · §³¥·  µ¡² ¸É¨ ¶µ¤ ¤ ´´µ° ¶µ¢¥·Ì´µ-
¸ÉÓÕ, É. ¥. § É¢¥·¤¥¢ ´¨¥ µ¡· §Í  ¶·µ¨¸Ìµ¤¨É ¶µ ¢¸¥³ ´ ¶· ¢²¥´¨Ö³ (·¨¸. 6,
£). �·¨ ÔÉµ³ ³ ±¸¨³ ²Ó´Ò° ¤¨ ³¥É· ¨ ³ ±¸¨³ ²Ó´ Ö £²Ê¡¨´  ¶·µ¶² ¢  · ¢´Ò
Dm

max � 0, 23, Zm
max � 140 (Dm

max � 230
A0, Zm
max � 1, 4 · 105
A0).

�  ·¨¸. 7 ¶·¨¢¥¤¥´Ò  ´ ²µ£¨Î´Ò¥ § ¢¨¸¨³µ¸É¨ ¤²Ö ²¨´¨° Ê·µ¢´Ö É¥³-

�¨¸. 7. „¨´ ³¨±  ¨§³¥´¥´¨° ²¨´¨° Ê·µ¢´Ö É¥³¶¥· ÉÊ·Ò ¨¸¶ ·¥´¨Ö ±·¨¸É ²²¨Î¥¸±µ°
·¥Ï¥É±¨ ¸µ ¢·¥³¥´¥³

¶¥· ÉÊ·Ò, · ¢´µ° É¥³¶¥· ÉÊ·¥ ¨¸¶ ·¥´¨Ö. Š ± ¢¨¤´µ, µ¡² ¸ÉÓ ¢´ÊÉ·¨ ÔÉµ°
¶µ¢¥·Ì´µ¸É¨ ¨³¥¥É · §³¥·Ò Dev

max � 0, 14, Zev
max � 22, 5 (Dev

max � 140 A0,
Zev

max � 22, 5 · 103 A0). ”µ·³Ò µ¡² ¸É¥° ¶² ¢²¥´¨Ö ¨ ¨¸¶ ·¥´¨Ö ¨³¥ÕÉ ¢¨¤
Í¨²¨´¤·¨Î¥¸±¨Ì ¶ · ¡µ²µ¨¤µ¢.
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‡�Š‹�—…�ˆ…

‚ · ¡µÉ¥ ´  µ¸´µ¢¥ ²¨´¥°´µ° ¤¢ÊÌÉ¥³¶¥· ÉÊ·´µ° ³µ¤¥²¨ É¥·³¨Î¥¸±µ£µ
¶¨±  ¶µ²ÊÎ¥´Ò ·¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´µ£µ ¨¸¸²¥¤µ¢ ´¨Ö É¥³¶¥· ÉÊ· Ô²¥±É·µ´-
´µ£µ £ §  ¨ ±·¨¸É ²²¨Î¥¸±µ° ·¥Ï¥É±¨. ‚Ò¶µ²´¥´ Î¨¸²¥´´Ò°  ´ ²¨§ ÉµÎ´µ¸É¨
¤¢ÊÌ¸²µ°´µ° Ö¢´µ° ¸Ì¥³Ò ¢ÒÎ¨¸²¥´¨°. �µ ·¥§Ê²ÓÉ É ³ ¢ÒÎ¨¸²¨É¥²Ó´ÒÌ Ô±¸-
¶¥·¨³¥´Éµ¢ ³µ¦´µ ¸¤¥² ÉÓ ¸²¥¤ÊÕÐ¨¥ ¢Ò¢µ¤Ò.

1. ‚ ¸²ÊÎ ¥ µ¡²ÊÎ¥´¨Ö ´¨±¥²¥¢µ° ³¨Ï¥´¨ ¨µ´ ³¨ Ê· ´  ¸ Ô´¥·£¨¥°
700 ŒÔ‚ ¨ §´ Î¥´¨¥³ Ê¤¥²Ó´ÒÌ ¨µ´¨§ Í¨µ´´ÒÌ ¶µÉ¥·Ó Ô´¥·£¨¨ Sinel0 =
73 ±Ô‚/´³ ³µ£ÊÉ ¶·µ¨¸Ìµ¤¨ÉÓ ¶·µÍ¥¸¸Ò, µ¡Ê¸²µ¢²¥´´Ò¥ Ë §µ¢Ò³¨ ¶¥·¥Ìµ-
¤ ³¨: É¢¥·¤µ¥ É¥²µ Å ¦¨¤±µ¸ÉÓ (¶² ¢²¥´¨¥ ´¨±¥²Ö) ¨ É¢¥·¤µ¥ É¥²µ Å ¶ -
·µµ¡· §´µ¥ ¸µ¸ÉµÖ´¨¥ (¨¸¶ ·¥´¨¥ ´¨±¥²Ö) Å ¸ ¶µ¸²¥¤ÊÕÐ¨³ § É¢¥·¤¥¢ ´¨¥³
³ É¥·¨ ²  ³¨Ï¥´¨ ¶·¨ µÌ² ¦¤¥´¨¨ ¨ ¤¨¸¸¨¶ Í¨¥° É¥¶² , ¢Ò¤¥²¥´´µ£µ ¨µ´µ³
Ê· ´ .

2. �µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶µ§¢µ²ÖÕÉ ¢Ò¤¥²¨ÉÓ Ì · ±É¥·´Ò¥ · §³¥·Ò
µ¡² ¸É¥° ¸ Ë §µ¢Ò³¨ ¶¥·¥Ìµ¤ ³¨. „²Ö ¶µ²ÊÎ¥´¨Ö ÊÉµÎ´¥´´ÒÌ Î¨¸²¥´´ÒÌ ·¥-
§Ê²ÓÉ Éµ¢ ´¥µ¡Ìµ¤¨³µ ·¥Ï¨ÉÓ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ Ê· ¢´¥´¨Ö É¥¶²µ¶·µ¢µ¤´µ¸É¨
¸ ÊÎ¥Éµ³ Ë §µ¢ÒÌ ¶¥·¥Ìµ¤µ¢ (¸³. [36, 37]), ÎÉµ ¨ ¡Ê¤¥É ¸¤¥² ´µ ¢ ¤ ²Ó´¥°Ï¥³.

3. �µ¢¥·Ì´µ¸ÉÓ Ê·µ¢´Ö É¥³¶¥· ÉÊ·Ò, · ¢´µ° É¥³¶¥· ÉÊ·¥ ¶² ¢²¥´¨Ö, ±µ-
Éµ· Ö ¨³¥¥É ¢¨¤ Í¨²¨´¤·¨Î¥¸±µ£µ ¶ · ¡µ²µ¨¤ , ¤µ¸É¨£ ¥É ³ ±¸¨³ ²Ó´µ£µ · §-
³¥·  Dm

max � 0, 23, Zm
max � 140 (Dm

max � 230
A0, Zm
max � 140 · 103
A0). �·µ-

Í¥¸¸Ò ¶² ¢²¥´¨Ö, § É¢¥·¤¥¢ ´¨Ö ¨ ¨¸¶ ·¥´¨Ö ¶·µ¨¸Ìµ¤ÖÉ ¢´ÊÉ·¨ ÔÉµ° µ¡² -
¸É¨. �´ ²µ£¨Î´ Ö ¶µ¢¥·Ì´µ¸ÉÓ ¤²Ö É¥³¶¥· ÉÊ·Ò ¨¸¶ ·¥´¨Ö ¨³¥¥É · §³¥·Ò
Dev

max � 0, 14, Zev
max � 22, 5 (Dev

max � 140 A0, Zev
max � 22, 5 · 103 A0).

4. �·¨ ·¥Ï¥´¨¨ § ¤ Î¨ (10)Ä(13) ¶µ ³¥·¥ Ê³¥´ÓÏ¥´¨Ö É¥³¶¥· ÉÊ·Ò ¢
Ô²¥±É·µ´´µ° ¸¨¸É¥³¥ ¨ Ê¢¥²¨Î¥´¨Ö É¥³¶¥· ÉÊ·Ò ·¥Ï¥É±¨ ¸² £ ¥³µ¥ g(Te−Ti)
³¥´Ö¥É §´ ± (´ ¶·¨³¥·, Te = Ti ¤²Ö ÉµÎ±¨ r = 0, z = 0 ´ ¸ÉÊ¶¨É ¶·¨ t � 0, 24
(t � 2, 4 · 10−14 c)), Éµ ¥¸ÉÓ ¶·µ¨¸Ìµ¤¨É ´ £·¥¢ ´¨¥ µ¸ÉÒ¢Ï¥° Ô²¥±É·µ´´µ°
¶µ¤¸¨¸É¥³Ò §  ¸Î¥É ·¥Ï¥É±¨.

� ¡µÉ  ¢Ò¶µ²´¥´  ¶·¨ Ë¨´ ´¸µ¢µ° ¶µ¤¤¥·¦±¥ �””ˆ, £· ´ÉÒ º 03-01-
00657 ¨ º 02-01-00606.
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