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ˆ¸¸²¥¤μ¢ ´¨¥ É¥¶²μ¢ÒÌ ¶·μÍ¥¸¸μ¢ ¢ ³ É¥·¨ ² Ì ¶·¨ μ¡²ÊÎ¥´¨¨
¨Ì ÉÖ¦¥²Ò³¨ ¨μ´ ³¨ ¢Ò¸μ±¨Ì Ô´¥·£¨° ¢ · ³± Ì μ¡Ð¥° ³μ¤¥²¨
É¥·³¨Î¥¸±μ£μ ¶¨± 

‘¨¸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¥ ¶·¨ §´ Î¥-
´¨ÖÌ É¥¶²μ¥³±μ¸É¨ ¨ É¥¶²μ¶·μ¢μ¤´μ¸É¨, § ¢¨¸ÖÐ¨Ì μÉ É¥³¶¥· ÉÊ·Ò ¸ ¸μμÉ¢¥É-
¸É¢ÊÕÐ¨³¨ ´ Î ²Ó´Ò³¨ ¨ £· ´¨Î´Ò³¨ Ê¸²μ¢¨Ö³¨, ·¥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 ³ É¥·¨ ² . ‘¤¥² ´ ¸· ¢´¨É¥²Ó´Ò°  ´ ²¨§ ¸ ²¨´¥°-
´μ° ³μ¤¥²ÓÕ ¨ μÍ¥´¥´ · §³¥· μ¡² ¸É¨ ¢ ³¨Ï¥´¨ ¸ ³ ±¸¨³ ²Ó´Ò³ · ¤¨Ê¸μ³ ¨
£²Ê¡¨´μ°, £¤¥ ³μ£ÊÉ ¶·μ¨¸Ìμ¤¨ÉÓ ¶·μÍ¥¸¸Ò ¶² ¢²¥´¨Ö ³ É¥·¨ ²  ³¨Ï¥´¨.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ ¨´Ëμ·³ Í¨μ´´ÒÌ É¥Ì´μ²μ£¨° �ˆŸˆ.
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Amirkhanov I. V. et al. P11-2005-147
Investigation of Thermal Processes in Materials on Irradiation
with Heavy Ions of High Energies in the Framework of a
General Model of Thermal Peak

A system of equations for temperatures of electronic gas and lattice around and
along the trajectory of a 700-MeV heavy ion of uranium in nickel at the values
of thermal parameters, depending on temperature with corresponding initial and
boundary conditions, is solved numerically in an axially symmetric cylindrical system
of coordinates. On the basis of the obtained lattice temperature dependences on
radius around the ion trajectory and depth, it is possible to make a conclusion that
the ionization energy losses of uranium ion in nickel are sufˇcient for melting a
material. A comparative analysis with the linear model is given, and the size of
the region with maximum radius and depth in the target material, where the melting
process can take place, is estimated.

The investigation has been performed at the Laboratory of Information Tech-
nologies, JINR.
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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] ¸É ´μ¢ÖÉ¸Ö  ±ÉÊ ²Ó´Ò³¨ ¢ ¸¢Ö§¨ ¸ ¸μ§¤ ´¨¥³ Ê¸±μ·¨É¥²¥° ¨
´ ±μ¶¨É¥²Ó´ÒÌ ±μ²¥Í ÉÖ¦¥²ÒÌ ¨μ´μ¢ ¢Ò¸μ±¨Ì Ô´¥·£¨°,   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, ¶μ³¨³μ ¶·μÎ¥£μ, ¢ É¥·³μÖ¤¥·´ÒÌ ·¥ ±Éμ-
· Ì. 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 %)ÄO2(10 %) ¨ § É¥³ μÉμ¦¦¥´´ Ö ¶·¨
¢Ò¸μ±μ³ ¢ ±ÊÊ³¥ ¨ É¥³¶¥· ÉÊ·¥ 350 ◦C ¢ É¥Î¥´¨¥ ¤²¨É¥²Ó´μ£μ ¢·¥³¥´¨ (¤μ
24 Î), ¡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¥¤Ê-
ÕÐ¥¥ · ¸¸¥Ö´¨¥ ´ ± ¶²¨¢ ¥³ÒÌ ¨μ´μ¢ ´  ¢Ò¤¥²¨¢Ï¨Ì¸Ö £ §μ¢ÒÌ ³μ²¥±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¢  [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¨.
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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
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 ´¥ Éμ²Ó±μ ¨³¥¥É ¡μ²ÓÏμ¥ §´ Î¥´¨¥ ¤²Ö ¶μ´¨³ ´¨Ö μ¸´μ¢´ÒÌ
§ ±μ´μ³¥·´μ¸É¥° ÔÉ¨Ì ¶·μÍ¥¸¸μ¢, ´μ ¨ ¢ ¦´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¨. „ ´´ 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±¨ ´¥ ÊÎ¨ÉÒ¢ ² ¸Ó § ¢¨¸¨³μ¸ÉÓ Ê¤¥²Ó´ÒÌ
¨μ´¨§ Í¨μ´´ÒÌ ¶μÉ¥·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 Ä ¦¨¤±μ¸ÉÓ ¨ É¢¥·¤μ¥
É¥²μ Ä ¶ ·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]). –¥²ÓÕ ´ ¸ÉμÖÐ¥° · ¡μÉÒ Ö¢²Ö¥É¸Ö ¨¸¸²¥¤μ¢ ´¨¥ É¥¶²μ-
¢ÒÌ ¶·μÍ¥¸¸μ¢ ¶·¨ μ¡²ÊÎ¥´¨¨ ´¨±¥²Ö ¨μ´ ³¨ Ê· ´  ¸ Ô´¥·£¨¥° 700 ŒÔ‚ ¢
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· ³± Ì ³μ¤¥²¨ É¥·³¨Î¥¸±μ£μ ¶¨±  ¸ ÊÎ¥Éμ³ § ¢¨¸¨³μ¸É¨ É¥¶²μË¨§¨Î¥¸±¨Ì
¶ · ³¥É·μ¢ μÉ É¥³¶¥· ÉÊ·Ò.
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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¥Éμ³ § ¢¨¸¨³μ¸É¨ Ê¤¥²Ó´μ° É¥¶²μ¥³±μ-
¸É¨ ¨ É¥¶²μ¶·μ¢μ¤´μ¸É¨ μÉ É¥³¶¥· ÉÊ·Ò ¨ ¨³¥¥É ¢¨¤
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�¸Ó z ´ ¶· ¢²¥´  ¶¥·¶¥´¤¨±Ê²Ö·´μ μ¡²ÊÎ ¥³μ° ¶μ¢¥·Ì´μ¸É¨ ³¨Ï¥´¨,
É. ¥. ¶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±¨, § ¢¨¸ÖÐ¨¥ 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 ±μÔËË¨Í¨¥´É, Ì · ±É¥·¨§ÊÕ-
Ð¨° ¢§ ¨³μ¤¥°¸É¢¨Ö Ô²¥±É·μ´´μ° ¶μ¤¸¨¸É¥³Ò ¸ ·¥Ï¥É±μ° (¢ μ¡Ð¥³ ¸²ÊÎ ¥
§ ¢¨¸ÖÐ¨° μÉ É¥³¶¥· ÉÊ·Ò Ô²¥±É·μ´´μ£μ £ § ). ”Ê´±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) = bSinel0 exp
(
− (t − t0)2

2σ2
t

)
exp

(
− r

r0

)
μ(z). (3)

‡¤¥¸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 = −
(

∂E

∂z

)
inel

. (4)

‚·¥³Ö ¤μ¸É¨¦¥´¨Ö Ô²¥±É·μ´ ³¨ · ¢´μ¢¥¸´μ£μ · ¸¶·¥¤¥²¥´¨Ö (É. ¥. ¢·¥³Ö
¸¢μ¡μ¤´μ£μ ¶·μ¡¥£  δ-Ô²¥±É·μ´μ¢ ¸μ ¸·¥¤´¥° Ô´¥·£¨¥° εe) t0 � (1−5)·10−15 ¸,
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¶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].

� Î ²Ó´Ò¥ Ê¸²μ¢¨Ö § ¶¨¸Ò¢ ÕÉ¸Ö ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥ (¸³., ´ ¶·¨³¥·, [4,
6]):

Te,i(r, z, 0) = T0 = 300 K, (6)

  £· ´¨Î´Ò¥ Ê¸²μ¢¨Ö Å ¢ ¢¨¤¥

∂Te,i(r, z, t)
∂r

∣∣∣∣
r=0

= 0,
∂Te,i(r, z, t)

∂z

∣∣∣∣
z=0

= 0, (7)

Te,i(Rmax, z, t) = Te,i(r, Zmax, t) = T0. (8)

‡¤¥¸Ó ¨ ¤ ²¥¥ Rmax Å · ¤¨Ê¸ Ê¤ ²¥´¨Ö μÉ É· ¥±Éμ·¨¨ ¨μ´ ,   Zmax Å
£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¥ 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±¨ ´  ¡μ²ÓÏμ³ · ¸¸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: T̆e = Te/T0, T̆i = Ti/T0, r̆ = r/Δr, z̆ = z/Δz,
t̆ = t/Δt, £¤¥ Δr, Δz ¨ Δt Å ¥¤¨´¨ÍÒ ¨§³¥·¥´¨Ö · ¸¸ÉμÖ´¨Ö ¨ ¢·¥³¥´¨. 
É¨
¥¤¨´¨ÍÒ ¢Ò¡· ´Ò ¢ ¢¨¤¥ Δt = α1t0 ¨ Δr = Δz = 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) ¢ ¸²ÊÎ ¥, ¥¸²¨

¢ ±·¨¸É ²²¥ ´¥É  ´¨§μÉ·μ¶¨¨ (É. ¥. λ
‖
i = λ⊥

i = λi), ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥
(¢¥·Ì´¨¥ §´ Î±¨ ´ ¤ ¡¥§· §³¥·´Ò³¨ ¢¥²¨Î¨´ ³¨ μ¶ÊÐ¥´Ò)

∂Te

∂t
=

B1

Ce(Te)

[
1
r

∂

∂r

(
rλe(Te)

∂Te

∂r

)
+

∂

∂z

(
λe(Te)

∂Te

∂z

)]
−

− B3g(Te)
Ce(Te)

(Te − Ti) +
A(r, z, t)
Ce(Te)

, (9)
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∂Ti

∂t
=

B2

Ci(Ti)

[
1
r

∂

∂r

(
rλi(Ti)

∂Ti

∂r

)
+

∂

∂z

(
λi(Ti)

∂Ti

∂z

)]
+

B4g(Te)
Ci(Ti)

(Te−Ti),

(10)

£¤¥

B1 =
λe(T0)α1t0

Ce(T0) · (α2r0)2
, B2 =

λi(T0)α1t0
Ci(T0) · (α2r0)2

,

B3 =
g(T0)α1t0
Ce(T0)

, B4 =
g(T0)α1t0

Ci(T0)
.

� Î ²Ó´Ò¥ ¨ £· ´¨Î´Ò¥ Ê¸²μ¢¨Ö (6)Ä(8) Éμ£¤  § ¶¨¸Ò¢ ÕÉ¸Ö ¢ ¢¨¤¥

Tβ(t, z, 0) = 1;
∂Tβ

∂r

∣∣∣∣
r=0

= 0;
∂Tβ

∂z

∣∣∣∣
z=0

= 0; (11)

Tβ(Rmax, z, t) = 1; Tβ(r, Zmax, t) = 1, (12)

£¤¥ β = e, i.
	¥§· §³¥·´ Ö μ¡Ñ¥³´ Ö ¶²μÉ´μ¸ÉÓ ³μÐ´μ¸É¨ A(r, z, t) ¢ Ê· ¢´¥´¨¨ (9)

μ¶·¥¤¥²Ö¥É¸Ö Ëμ·³Ê²μ°

A(r, z, t) = A0 exp (−α2r) exp
[
− α1

2
(t − 0, 05)2

]
μ(z), (13)

§¤¥¸Ó A0 = bSinel0 α1t0/(Ce(T0)T0).
�É³¥É¨³, ÎÉμ ¢ § ¶¨¸¨ ¢Ò· ¦¥´¨Ö A(r, z, t) ¢ ¢¨¤¥ (13) ¶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· ¦¥´¨¨ (13) 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,
¶μÔÉμ³Ê ¢¢¥¤¥´¨¥ ±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 ¨ ¶μ§¢μ²Ö¥É
¸¤¥² ÉÓ ¸¨ÉÊ Í¨Õ ¸ ¢·¥³¥´´μ° § ¢¨¸¨³μ¸ÉÓÕ ¡μ²¥¥ ·¥ ²¨¸É¨Î´μ°.

�·¨ ±μ³´ É´μ° É¥³¶¥· ÉÊ·¥ T = 300 K É¥¶²μË¨§¨Î¥¸±¨¥ ¶ · ³¥É·Ò
´¨±¥²Ö ¸²¥¤ÊÕÐ¨¥:

Ce(T0) = 2, 733 · 10−2 „¦

¸³3 · K , Ci(T0) = 3, 91
„¦

¸³3 · K ,

g(T0) = 4, 05 · 1012 ‚É

¸³3 · K , λe(T0) = 4, 1
‚É

¸³ · K ,

λi(T0) = 0, 91
‚É

¸³ · K , Se(0) = 1, 157 · 10−7 „¦

¸³
.
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�¥²¨´¥°´Ò¥ ¶ · ³¥É·Ò ³μ¤¥²¨ Ce(Te), Ci(Ti), g(Te), λe(Te), λi(Ti), ´μ·-
³¨·μ¢ ´´Ò¥ ´  ¨Ì §´ Î¥´¨Ö ¶·¨ ±μ³´ É´μ° É¥³¶¥· ÉÊ·¥ T = 300 K, ¨³¥ÕÉ
¸²¥¤ÊÕÐ¨° ¢¨¤:

Ce(Te)=
{

Te ¶·¨ Te < TF ,
128,16 ¶·¨ Te > TF ,

λe(Te)=

⎧⎨
⎩

0,973
Te

+ 0,026 · Te ¶·¨ Te < TF ,

3,53 · 10−4 · T 3/2
e ¶·¨ Te > TF ,

Ci(Ti)=
{

0,876 + 0,128Ti − 0,667T 2
i ¶·¨ Te < Tmelt,

1,393 ¶·¨ Te > Tmelt,

λi(Ti)=
{

3,079 − 3,53Ti + 1,793T 2
i − 0,3667T 3

i + 0,0264T 4
i ¶·¨ Te < Tmelt,

0,4528 ¶·¨ Te > Tmelt,

g(Te)=
1

λe(Te)
,

£¤¥ TF = 454,3 Å ¡¥§· §³¥·´ Ö É¥³¶¥· ÉÊ·  ”¥·³¨, Tmelt = 5,75 Å ¡¥§· §-
³¥·´ Ö É¥³¶¥· ÉÊ·  ¶² ¢²¥´¨Ö ´¨±¥²Ö.

�·¨ Î¨¸²¥´´μ³ ·¥Ï¥´¨¨ ¸¨¸É¥³Ò ´¥²¨´¥°´Ò¥ ¶ · ³¥É·Ò ¢ ÉμÎ± Ì · §-
·Ò¢  ¸£² ¦¨¢ ¥³ £¨¶¥·¡μ²¨Î¥¸±¨³ É ´£¥´¸μ³. ‘¨¸É¥³  Ê· ¢´¥´¨° (9), (10)
¶·¨ r = 0 ¨³¥¥É μ¸μ¡¥´´μ¸ÉÓ, ¶μÔÉμ³Ê ¤²Ö ¸μ¸É ¢²¥´¨Ö Î¨¸²¥´´ÒÌ ¸Ì¥³, ¢Ò-
Î¨¸²ÖÖ ¶·μ¨§¢μ¤´Ò¥ ¶μ r, Ê· ¢´¥´¨¥ (9), (10) ¶¥·¥¶¨Ï¥³ ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥
[39]:

∂Te

∂t
=

B1

Ce(Te)

[
λe(Te)

r

∂Te

∂r
+

∂

∂r

(
λe(Te)

∂Te

∂r

)
+

∂

∂z

(
λe(Te)

∂Te

∂z

)]
−

−B3g(Te)
Ce(Te)

(Te − Ti) +
A(r, z, t)
Ce(Te)

, (9′)

∂Ti

∂t
=

B2

Ci(Ti)

[
λi(Ti)

r

∂Ti

∂r
+

∂

∂r

(
λi(Ti)

∂Ti

∂r

)
+

∂

∂z

(
λi(Ti)

∂Ti

∂z

)]
+

+
B4g(Te)
Ci(Ti)

(Te − Ti). (10′)

„²Ö ¶·¨¢¥¤¥´´ÒÌ ¢¥²¨Î¨´ ¡¥§· §³¥·´Ò¥ ±μÔËË¨Í¨¥´ÉÒ B1, B2, B3, B4,
A0, Rmax, Zmax ¶·¨´¨³ ÕÉ §´ Î¥´¨Ö B1 � 0,15; B2 � 2,33·10−4; B3 � 14,82;
B4 � 0,1036; A0 � 8,97·106; Rmax = 0,5; Zmax = 200.

’ ±¨³ μ¡· §μ³, ¤²Ö Î¨¸²¥´´μ£μ ·¥Ï¥´¨Ö ´¥²¨´¥°´μ° ¸¨¸É¥³Ò Ê· ¢´¥´¨°
(9′), (10′) ¸ ´ Î ²Ó´Ò³¨ ¨ £· ´¨Î´Ò³¨ Ê¸²μ¢¨Ö³¨ (11), (12) ¢¸¥ ¶ · ³¥É·Ò
¨§¢¥¸É´Ò. ‡ ¢¨¸¨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
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(¸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 (9′), (10′), É. ¥.
¶μ²μ¦¨³ {ri = ihr(i = 0, 1, . . . , m), zj = jhz(j = 0, 1, . . . , n), tk = kht(k =
0, 1, . . . , l)}; hr, hz ¨ ht Å ¸μμÉ¢¥É¸É¢¥´´μ Ï £¨ ¶μ ¶¥·¥³¥´´Ò³ r, z ¨ t.
‚μ ¨§¡¥¦ ´¨¥ ¶ÊÉ ´¨ÍÒ ¨´¤¥±¸μ¢ É¥³¶¥· ÉÊ·Ò Ô²¥±É·μ´´μ° ¶μ¤¸¨¸É¥³Ò ¨
·¥Ï¥É±¨ μ¡μ§´ Î¨³ Î¥·¥§ T̄ ¨ T ¸μμÉ¢¥É¸É¢¥´´μ. ’μ£¤  §´ Î¥´¨Ö ËÊ´±Í¨° T̄
¨ T ¢ Ê§² Ì μ¡μ§´ Î¨³ ¸¨³¢μ² ³¨ T̄ k

i,j ¨ T k
i,j .

„²Ö ·¥Ï¥´¨Ö ¸¨¸É¥³Ò Ê· ¢´¥´¨° (9′), (10′), (11)Ä(13) ¡Ê¤¥³ ¨¸¶μ²Ó§μ¢ ÉÓ
¸²¥¤ÊÕÐÊÕ ±μ´¸¥·¢ É¨¢´ÊÕ ¤¢ÊÌ¸²μ°´ÊÕ Ö¢´ÊÕ ±μ´¥Î´μ-· §´μ¸É´ÊÕ ¸Ì¥³Ê
¶μ·Ö¤±   ¶¶·μ±¸¨³ Í¨¨ O(ht + h2

r + h2
z) [38Ä40]:

T̄ k+1
i,j − T̄ k

i,j

ht
=

B1

Ce(T̄ k
i,j)

[
λe(T̄ k

i,j)
i · hr

·
T̄ k

i+1,j − T̄ k
i−1,j

2 · hr
+

+
1
hr

(
λe(T̄ k

i+1,j) + λeT̄
k
i,j

2
·
T̄ k

i+1,j − T̄ k
i,j

hr
−

λe(T̄ k
i,j) + λe(T̄ k

i−1,j)
2

×
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×
T̄ k

i,j − T̄ k
i−1,j

hr

)
+

1
hz

(
λe(T̄ k

i,j+1) + λeT̄
k
i,j

2
·
T̄ k

i,j+1 − T̄ k
i,j

hz
−

−
λe(T̄ k

i,j) + λe(T̄ k
i,j−1)

2
·
T̄ k

i,j − T̄ k
i,j−1

hz

)]
−

B3 · g(T̄ k
i,j)

Ce(T̄ k
i,j)

·(T̄ k
i,j−T̄ k

i,j)+
Ak

i,j

Ce(T̄ k
i,j)

,

(14)

T k+1
i,j − T k

i,j

ht
=

B2

Ci(T k
i,j)

[
λi(T k

i,j)
i · hr

·
T k

i+1,j − T k
i−1,j

2 · hr
+

+
1
hr

(
λi(T k

i+1,j) + λi(T k
i,j)

2
·
T k

i+1,j − T k
i,j

hr
−

λi(T k
i,j) + λi(T k

i−1,j)
2

×

×
T k

i,j − T k
i−1,j

hr

)
+

1
hz

(
λi(T k

i,j+1) + λi(T k
i,j)

2
·
T k

i,j+1 − T k
i,j

hz
−

−
λi(T k

i,j) + λi(T k
i,j−1)

2
·
T k

i,j − T k
i,j−1

hz

)]
+

B4 · g(T̄ k
i,j)

Ci(T k
i,j)

· (T̄ k
i,j − T k

i,j), (15)

T̄ 0
i,j = T 0

i,j = 1, T̄ k+1
m,j = T k+1

m,j = 1, T̄ k+1
i,n = T k+1

i,n = 1,

4T̄ k+1
1,j − T̄ k+1

2,j − 3T̄ k+1
0,j

2hr
= 0,

4T̄ k+1
i,1 − T̄ k+1

i,2 − 3T̄ k+1
i,0

2hz
= 0,

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,

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]

max
i,j,k

(
λe(T̄ k

i,j)
Ce(T̄ k

i,j)
,
λi(T k

i,j)
Ci(T k

i,j)

)
ht

(
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).
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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¢ ´¨¨ ÔÉÊ ËÊ´±Í¨Õ ¶·¥¤¢ ·¨É¥²Ó´μ
¸£² ¦¨¢ ¥³ ¨ ¨´É¥·¶μ²¨·Ê¥³ ±Ê¡¨Î¥¸±¨³ ¸¶² °´μ³.

„²Ö ¶·μ¢¥·±¨ ¸Ìμ¤¨³μ¸É¨ ¸Ì¥³Ò (14)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, hz/2, hz/4 (hr = 10−3, hz = 4 · 10−2, ht = 3 · 10−6). �¨¦¥ ¶·¥¤¸É ¢²¥´
·¥§Ê²ÓÉ É Ô±¸¶¥·¨³¥´É  ¢ ÉμÎ±¥ r = 0, z = 0:

max
0�t�100

∣∣∣∣ 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

∣∣∣∣ � 7,05 · 10−4 ¶·¨ t � 2,71;

max
0�t�100

∣∣∣∣ 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

∣∣∣∣ � 2,48 · 10−4 ¶·¨ t � 2,71;

max
0�t�100

∣∣∣∣ 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

∣∣∣∣ � 1,64 · 10−4 ¶·¨ t � 16,79;

max
0�t�100

∣∣∣∣ 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

∣∣∣∣ � 6,09 · 10−5 ¶·¨ t � 13,7.

Š ± ¢¨¤´μ, ´ °¤¥´´Ò¥ μÉ´μ¸¨É¥²Ó´Ò¥ · §´μ¸É¨ ¶·μË¨²¥° É¥³¶¥· ÉÊ· ´ 
¸£ÊÐ ÕÐ¥°¸Ö ¸¥É±¥ Ê³¥´ÓÏ ÕÉ¸Ö.

3. ��‘“†„…�ˆ… ��‹“—…��›• �…‡“‹œ’�’�‚

�¥Ï Ö ¸¨¸É¥³Ê Ê· ¢´¥´¨° (9), (10) ¸ ´ Î ²Ó´Ò³ ¨ £· ´¨Î´Ò³¨ Ê¸²μ¢¨-
Ö³¨ (11), (12), ³Ò ¶·μ ´ ²¨§¨·μ¢ ²¨ ¢·¥³¥´´Ò¥ ¨ ±μμ·¤¨´ É´Ò¥ § ¢¨¸¨³μ¸É¨
É¥³¶¥· ÉÊ· Ô²¥±É·μ´´μ£μ £ §  Te ¨ ·¥Ï¥É±¨ Ti. �  ·¨¸. 2 ¤²Ö ¸· ¢´¨É¥²Ó´μ£μ
 ´ ²¨§  ¨§ ¶·¥¤Ò¤ÊÐ¥° · ¡μÉÒ [41] ¶·¥¤¸É ¢²¥´Ò § ¢¨¸¨³μ¸É¨ μÉ ¢·¥³¥´¨
É¥³¶¥· ÉÊ·Ò Ô²¥±É·μ´´μ£μ £ §  (·¨¸. 2,  ) ¨ ·¥Ï¥É±¨ (·¨¸. 2, ¡) ´  ¶μ¢¥·Ì´μ-
¸É¨ μ¡· §Í  ´¨±¥²Ö, μ¡²ÊÎ ¥³μ£μ ¨μ´ ³¨ Ê· ´ , ´  · §²¨Î´ÒÌ · ¸¸ÉμÖ´¨ÖÌ μÉ
É· ¥±Éμ·¨¨ ¨μ´  r = 0; 50; 100; 150 �A ¢ · ³± Ì ²¨´¥°´μ° ¤¢ÊÌÉ¥³¶¥· ÉÊ·´μ°
³μ¤¥²¨ É¥·³¨Î¥¸±μ£μ ¶¨± ,   ´  ·¨¸. 3 ¶·¥¤¸É ¢²¥´Ò § ¢¨¸¨³μ¸É¨ μÉ ¢·¥³¥´¨
É¥³¶¥· ÉÊ·Ò Ô²¥±É·μ´´μ£μ £ §  (·¨¸. 3,  ) ¨ ·¥Ï¥É±¨ (·¨¸. 3, ¡) ´  ¶μ¢¥·Ì´μ-
¸É¨ μ¡· §Í  ´¨±¥²Ö, μ¡²ÊÎ ¥³μ£μ ¨μ´ ³¨ Ê· ´  ´  · §²¨Î´ÒÌ · ¸¸ÉμÖ´¨ÖÌ μÉ
É· ¥±Éμ·¨¨ ¨μ´  r = 0; 50; 100; 150 �A ¢ · ³± Ì ´¥²¨´¥°´μ° ¤¢ÊÌÉ¥³¶¥· -
ÉÊ·´μ° ³μ¤¥²¨ É¥·³¨Î¥¸±μ£μ ¶¨± . ˆ§ ¸· ¢´¥´¨Ö ÔÉ¨Ì £· Ë¨±μ¢ ¢¨¤´μ, ÎÉμ
¶·¨ ÊÎ¥É¥ § ¢¨¸¨³μ¸É¨ É¥¶²μË¨§¨Î¥¸±¨Ì ¶ · ³¥É·μ¢ μÉ É¥³¶¥· ÉÊ·Ò É¥³¶¥-
· ÉÊ·  Ô²¥±É·μ´´μ£μ £ §  ¨ ±·¨¸É ²²¨Î¥¸±μ° ·¥Ï¥É±¨ §´ Î¨É¥²Ó´μ ³¥´ÓÏ¥,
Î¥³ ¢ ¸²ÊÎ ¥ ¶μ¸ÉμÖ´´ÒÌ É¥¶²μË¨§¨Î¥¸±¨Ì ¶ · ³¥É·μ¢, ¢§ÖÉÒÌ ¶·¨ ±μ³´ É-
´μ° É¥³¶¥· ÉÊ·¥. �¸μ¡¥´´μ¸ÉÓ ´¥²¨´¥°´μ° ³μ¤¥²¨ Ì · ±É¥·¨§Ê¥É¸Ö É¥³, ÎÉμ
É¥¶²μ¢Ò¥ ¶·μÍ¥¸¸Ò ¢ ±·¨¸É ²²¨Î¥¸±μ° ·¥Ï¥É±¥ ¶·μ¨¸Ìμ¤ÖÉ §´ Î¨É¥²Ó´μ ³¥¤-
²¥´´¥¥, Î¥³ ¢ ²¨´¥°´μ³ ¸²ÊÎ ¥. �¥·¥Î¨¸²¨³ ´¥±μÉμ·Ò¥ ¨§ ´¨Ì.
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�¨¸. 2. ‡ ¢¨¸¨³μ¸É¨ μÉ ¢·¥³¥´¨ É¥³¶¥· ÉÊ·Ò Ô²¥±É·μ´´μ£μ £ §  ( ) ¨ ·¥Ï¥É±¨ (¡)
´  ¶μ¢¥·Ì´μ¸É¨ z = 0 μ¡²ÊÎ ¥³μ£μ ¨μ´ ³¨ Ê· ´  ´¨±¥²Ö ¤²Ö · §²¨Î´ÒÌ · ¸¸ÉμÖ´¨°
μÉ μ¸¨ É·¥±  ¢ · ³± Ì ²¨´¥°´μ° ³μ¤¥²¨ É¥·³μ¶¨±  (ÏÉ·¨Ìμ¢μ° ¶·Ö³μ° ¢Ò¤¥²¥´ 
É¥³¶¥· ÉÊ·  ¶² ¢²¥´¨Ö Tmelt)

�¨¸. 3. ‡ ¢¨¸¨³μ¸É¨ μÉ ¢·¥³¥´¨ É¥³¶¥· ÉÊ·Ò Ô²¥±É·μ´´μ£μ £ §  ( ) ¨ ·¥Ï¥É±¨ (¡)
´  ¶μ¢¥·Ì´μ¸É¨ z = 0 μ¡²ÊÎ ¥³μ£μ ¨μ´ ³¨ Ê· ´  ´¨±¥²Ö ¤²Ö · §²¨Î´ÒÌ · ¸¸ÉμÖ´¨°
μÉ μ¸¨ É·¥±  ¢ · ³± Ì ´¥²¨´¥°´μ° ³μ¤¥²¨ É¥·³μ¶¨±  (ÏÉ·¨Ìμ¢μ° ¶·Ö³μ° ¢Ò¤¥²¥´ 
É¥³¶¥· ÉÊ·  ¶² ¢²¥´¨Ö Tmelt)

1. ‚ ²¨´¥°´μ³ ¸²ÊÎ ¥ ¢ ÉμÎ±¥ r = 0; z = 0 É¥³¶¥· ÉÊ·  ±·¨¸É ²²¨Î¥¸±μ°
·¥Ï¥É±¨ Î¥·¥§ t = 4,5 · 10−15 ¸ ¶·¥¢ÒÏ ¥É É¥³¶¥· ÉÊ·Ê ¶² ¢²¥´¨Ö,   ¢
´¥²¨´¥°´μ³ ¸²ÊÎ ¥ ÔÉμÉ ¶·μÍ¥¸¸ ´ ¸ÉÊ¶ ¥É Î¥·¥§ t = 1,8 · 10−13 ¸.

2. ‚Ò· ¢´¨¢ ´¨¥ É¥³¶¥· ÉÊ· Ô²¥±É·μ´´μ£μ £ §  ¨ ±·¨¸É ²²¨Î¥¸±μ° ·¥-
Ï¥É±¨ ¢ ²¨´¥°´μ° ³μ¤¥²¨ ´ ¸ÉÊ¶ ¥É Î¥·¥§ t = 0,25 · 10−13 ¸,   ¢ ´¥²¨´¥°´μ°
³μ¤¥²¨ Î¥·¥§ t = 3,06 · 10−13 ¸.

3. �·μ³¥¦ÊÉμ± ¢·¥³¥´¨ δt, ¢ É¥Î¥´¨¥ ±μÉμ·μ£μ ¢ ÉμÎ±¥ r = 0; z = 0 É¥³-
¶¥· ÉÊ·  ±·¨¸É ²²¨Î¥¸±μ° ·¥Ï¥É±¨ μ¸É ¥É¸Ö ¡μ²ÓÏ¥ É¥³¶¥· ÉÊ·Ò ¶² ¢²¥´¨Ö,
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¢ ²¨´¥°´μ° ³μ¤¥²¨ · ¢¥´ δt = 13,45 · 10−13 ¸, ¢ ´¥²¨´¥°´μ° ³μ¤¥²¨ · ¢¥´
δt = 15,4 · 10−13 ¸.

‡�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¨
¸Ì¥³Ò ¢ÒÎ¨¸²¥´¨° ¨ ¸¤¥² ´ ¸· ¢´¨É¥²Ó´Ò°  ´ ²¨§ ¸ ²¨´¥°´μ° ¤¢ÊÌÉ¥³¶¥-
· ÉÊ·´μ° ³μ¤¥²ÓÕ. �μ ·¥§Ê²ÓÉ É ³ ¢ÒÎ¨¸²¨É¥²Ó´ÒÌ Ô±¸¶¥·¨³¥´Éμ¢ ³μ¦´μ
¸¤¥² ÉÓ ¸²¥¤ÊÕÐ¨¥ ¢Ò¢μ¤Ò.

1. �μ± § ´μ, ÎÉμ ¢ ¸²ÊÎ ¥ μ¡²ÊÎ¥´¨Ö ´¨±¥²Ö ¨μ´ ³¨ Ê· ´  ¸ Ô´¥·£¨¥°
700 ŒÔ‚ É¥³¶¥· ÉÊ·  ³¨Ï¥´¨ ¶·¥¢ÒÏ ¥É É¥³¶¥· ÉÊ·Ê ¶² ¢²¥´¨Ö, É. ¥. ³μ£ÊÉ
¶·μ¨¸Ìμ¤¨ÉÓ Ë §μ¢Ò¥ ¶¥·¥Ìμ¤Ò.

2. �·¨ ÊÎ¥É¥ § ¢¨¸¨³μ¸É¨ É¥¶²μË¨§¨Î¥¸±¨Ì ¶ · ³¥É·μ¢ μÉ É¥³¶¥· ÉÊ·Ò
É¥¶²μ¢Ò¥ ¶·μÍ¥¸¸Ò ¢ ±·¨¸É ²²¨Î¥¸±μ° ·¥Ï¥É±¥ ¶·μ¨¸Ìμ¤ÖÉ §´ Î¨É¥²Ó´μ ³¥¤-
²¥´´¥¥, Î¥³ ¶·¨ ¶μ¸ÉμÖ´´ÒÌ É¥¶²μË¨§¨Î¥¸±¨Ì ¶ · ³¥É· Ì.

3. Œ ±¸¨³ ²Ó´Ò¥ · §³¥·Ò μ¡² ¸É¨, £¤¥ É¥³¶¥· ÉÊ·  ¶·¥¢ÒÏ ¥É É¥³¶¥-
· ÉÊ·Ê ¶² ¢²¥´¨Ö, μ¸É ÕÉ¸Ö ¶μÎÉ¨ μ¤¨´ ±μ¢Ò³¨ ¢ ´¥²¨´¥°´μ° ¨ ²¨´¥°´μ°
³μ¤¥²ÖÌ ¨ · ¢´Ò Dmelt

max � 230 �A; Zmelt
max � 140 · 103 �A (Dmelt

max Å μÍ¥´± 
³ ±¸¨³ ²Ó´μ£μ ¤¨ ³¥É·  ¨ Zmelt

max Å μÍ¥´±  ³ ±¸¨³ ²Ó´μ° £²Ê¡¨´Ò, £¤¥ ³μ-
¦¥É ¶·μ¨¸Ìμ¤¨ÉÓ ¶² ¢²¥´¨¥). …¸²¨ É·¥± μ¡· §Ê¥É¸Ö, Éμ ¥£μ · §³¥·Ò ´¥ ³μ£ÊÉ
¡ÒÉÓ ¡μ²ÓÏ¥ ÔÉ¨Ì ¢¥²¨Î¨´. „²Ö ÊÉμÎ´¥´¨Ö Î¨¸²¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ´¥μ¡Ìμ-
¤¨³μ ·¥Ï¨ÉÓ ¸¨¸É¥³Ê Ê· ¢´¥´¨° (9), (10) ¸ ÊÎ¥Éμ³ Ë §μ¢ÒÌ ¶¥·¥Ìμ¤μ¢ (§ ¤ Î 
‘É¥Ë ´ ).

� ¡μÉ  ¢Ò¶μ²´¥´  ¶·¨ Ë¨´ ´¸μ¢μ° ¶μ¤¤¥·¦±¥ �””ˆ, £· ´ÉÒ º 03-01-
00657 ¨ º 05-01-00645- .
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