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�³¨·Ì ´µ¢ ˆ. ‚. ¨ ¤·. P11-2005-83
�·¨³¥´¥´¨¥ ³µ¤¥²¨ É¥·³¨Î¥¸±µ£µ ¶¨±  ¤²Ö · ¸Î¥É  É¥³¶¥· ÉÊ·Ò
¢ ¤¢Ê¸²µ°´ÒÌ ¸É·Ê±ÉÊ· Ì ¢¤µ²Ó ¶·µ¥±É¨¢´µ£µ ¶·µ¡¥£ 
ÉÖ¦¥²µ£µ ¨µ´  ¢Ò¸µ±µ° Ô´¥·£¨¨

Œµ¤¥²Ó É¥·³¨Î¥¸±µ£µ ¶¨±  ¢ É·¥Ì³¥·´µ³ ¸²ÊÎ ¥ ¶·¨³¥´¥´  ¤²Ö · ¸Î¥É  É¥³-
¶¥· ÉÊ· ¢ ¸É·Ê±ÉÊ·¥, ¸µ¸ÉµÖÐ¥° ¨§ ¤¢ÊÌ ¸²µ¥¢ · §²¨Î´ÒÌ ³ É¥·¨ ²µ¢. ‘¨¸É¥³Ò
Ê· ¢´¥´¨° ¤²Ö É¥³¶¥· ÉÊ· Ô²¥±É·µ´´µ£µ £ §  ¨ ·¥Ï¥É±¨ ¤²Ö µ¡µ¨Ì ¸²µ¥¢ ·¥Ï¥´Ò
Î¨¸²¥´´µ ¢  ±¸¨ ²Ó´µ-¸¨³³¥É·¨Î´µ° Í¨²¨´¤·¨Î¥¸±µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É ¶·¨
¶µ¸ÉµÖ´´ÒÌ §´ Î¥´¨ÖÌ É¥¶²µ¥³±µ¸É¥° ¨ É¥¶²µ¶·µ¢µ¤´µ¸É¥° ´  ¶·¨³¥·¥ ¸¨¸É¥³Ò
Ni(2 ³±³)/W. �  µ¸´µ¢¥ ¶µ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éµ¢ ³µ¦´µ ¸¤¥² ÉÓ ¢Ò¢µ¤ µ Éµ³, ÎÉµ
¶·¨ µ¡²ÊÎ¥´¨¨ ¤¢Ê¸²µ°´µ£µ ³ É¥·¨ ²  Ni(2 ³±³)/W ¨µ´ ³¨ ¸ Ô´¥·£¨¥° 710 ŒÔ‚
³µ£ÊÉ ¶·µ¨¸Ìµ¤¨ÉÓ Ë §µ¢Ò¥ ¶¥·¥Ìµ¤Ò: ¶² ¢²¥´¨¥ ¢ µ¡µ¨Ì ¸²µÖÌ,   ¨¸¶ ·¥´¨¥
Éµ²Ó±µ ¢ ¸²µ¥ Ni (¶¥·¢µ³ ¸²µ¥). �Í¥´¥´Ò ³ ±¸¨³ ²Ó´Ò¥ · ¤¨Ê¸Ò ¨ £²Ê¡¨´Ò
µ¡² ¸É¥°, £¤¥ ¶·µ¨¸Ìµ¤ÖÉ ¶·µÍ¥¸¸Ò ¶² ¢²¥´¨Ö (¸²µ¨ Ni ¨ W) ¨ ¨¸¶ ·¥´¨Ö (¸²µ°
Ni).

� ¡µÉ  ¢Ò¶µ²´¥´  ¢ ‹ ¡µ· Éµ·¨¨ ¨´Ëµ·³ Í¨µ´´ÒÌ É¥Ì´µ²µ£¨° ¨ ‹ ¡µ· Éµ-
·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¨³. ƒ. �. ”²¥·µ¢  �ˆŸˆ.

�·¥¶·¨´É �¡Ñ¥¤¨´¥´´µ£µ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°. „Ê¡´ , 2005

Amirkhanov I. V. et al. P11-2005-83
The Use of Thermal Peak Model for Temperature Calculation
in Two-Layer Structures along the Projected Range
of High Energy Heavy Ion

The thermal spike model in the three-dimensional case is used for the calculation
of temperatures in the structure consisting of two layers of different materials. The
systems of equations for electron gas and lattice temperatures are solved numerically
in the axial-symmetric coordinate system at the constant values of speciˇc capacities
and thermal conductivities for the Ni(2 µm)/W two-layer system. One can conclude
on the basis of the obtained results that phase transitions can take place in the case
of irradiation of the Ni(2 µm)/W two-layer structure by Bi ions with an energy of
710 MeV: melting Å in both layers, evaporation Å only in the Ni layer (ˇrst layer).
The maximum radii and depths where the melting (Ni and W layers) and evaporation
(Ni layer) processes occur are calculated.

The investigation has been performed at the Laboratory of Information Tech-
nologies and Flerov Laboratory of Nuclear Reactions, JINR.

Preprint of the Joint Institute for Nuclear Research. Dubna, 2005



‚‚…„…�ˆ…

‚ ¶µ¸²¥¤´¨¥ £µ¤Ò §´ Î¨É¥²Ó´Ò¥ Ê¸¨²¨Ö ¡Ò²¨ ´ ¶· ¢²¥´Ò ´  ¸µ§¤ ´¨¥
¸É·Ê±ÉÊ·, ¶·¥¤¸É ¢²ÖÕÐ¨Ì ¸µ¡µ° ¤µ¸É ÉµÎ´µ Éµ´±µ¥ (¤µ ´¥¸±µ²Ó±¨Ì ³¨±·µ-
³¥É·µ¢ ¨ ¡µ²¥¥ Éµ²¸ÉÒÌ) ¶µ±·ÒÉ¨¥, ´ ´¥¸¥´´µ¥ ´  ³ É¥·¨ ² ¶µ¤²µ¦±¨ [1Ä3].
’ ± Ö ¸É·Ê±ÉÊ·  ¢ ·Ö¤¥ ¸²ÊÎ ¥¢ ¶µ§¢µ²Ö¥É Ê²ÊÎÏ¨ÉÓ ±µ··µ§¨µ´´Ò¥, É¥¶²µË¨-
§¨Î¥¸±¨¥ ¨ Ô²¥±É·µË¨§¨Î¥¸±¨¥ ¸¢µ°¸É¢ ,   É ±¦¥ ¶µ¢Ò¸¨ÉÓ ¨§´µ¸µ¸Éµ°±µ¸ÉÓ
¨§¤¥²¨° ¨§ ¤¢Ê¸²µ°´ÒÌ ³ É¥·¨ ²µ¢ ¶·¨ ¸µÌ· ´¥´¨¨ ³¥Ì ´¨Î¥¸±¨Ì ¸¢µ°¸É¢,
¶·¨¸ÊÐ¨Ì ¶µ¤²µ¦±¥. — ¸Éµ É ±¨¥ ³ É¥·¨ ²Ò ´¥ ¸³¥Ï¨¢ ÕÉ¸Ö µ¤¨´ ¸ ¤·Ê£¨³
[2, 3]. �µÔÉµ³Ê § ¤ Î  Ê¢¥²¨Î¥´¨Ö ±µÔËË¨Í¨¥´É   ¤£¥§¨¨, É. ¥. ¢§ ¨³´µ£µ
¶¥·¥³¥Ï¨¢ ´¨Ö ±µ³¶µ´¥´É É ±¨Ì ¸É·Ê±ÉÊ· ¶·¥¤¸É ¢²Ö¥É¸Ö ¢¥¸Ó³  ¢ ¦´µ°. ‚
Î ¸É´µ¸É¨, ¢ ·Ö¤¥ · ¡µÉ ¤²Ö Ê¢¥²¨Î¥´¨Ö ¢§ ¨³´µ£µ ¶¥·¥³¥Ï¨¢ ´¨Ö ±µ³¶µ-
´¥´É ¢¡²¨§¨ £· ´¨ÍÒ · §¤¥²  ¨¸¶µ²Ó§ÊÕÉ¸Ö ÉÖ¦¥²Ò¥ ¢Ò¸µ±µ¨µ´¨§¨·ÊÕÐ¨¥
Î ¸É¨ÍÒ Å ¨µ´Ò ¸ ¢Ò¸µ±¨³¨ Ê¤¥²Ó´Ò³¨ ¨µ´¨§ Í¨µ´´Ò³¨ ¶µÉ¥·Ö³¨ Ô´¥·-
£¨¨ ¨ ¶·µ¡¥£ ³¨, § ¢¥¤µ³µ ¶·¥¢ÒÏ ÕÐ¨³¨ Éµ²Ð¨´Ê ´ ´¥¸¥´´µ£µ ¶µ±·ÒÉ¨Ö
[1, 4]. �·¨ É ±µ³ ¢µ§¤¥°¸É¢¨¨ §  ¸Î¥É ¢Ò¸µ±¨Ì ¨µ´¨§ Í¨µ´´ÒÌ ¶µÉ¥·Ó Ô´¥·-

£¨¨ Sinel = −
(

∂E

∂z

)
inel

¨µ´ , ¶·µÏ¨¢ ÕÐ¥£µ µ¡  ¸²µÖ, ¨ ¶µ¸²¥¤ÊÕÐ¥£µ · -

§µ£·¥¢  µ¡² ¸É¨ ¢¤µ²Ó É· ¥±Éµ·¨¨ ¨µ´  ¢ · ³± Ì ³µ¤¥²¨ É¥·³¨Î¥¸±µ£µ ¶¨± 
[5Ä9], ¶·µ¨¸Ìµ¤¨É ·¥§±µ¥ ¢µ§· ¸É ´¨¥ É¥³¶¥· ÉÊ·Ò ¨, ± ± ¸²¥¤¸É¢¨¥, Ê¢¥²¨-
Î¥´¨¥ ¢§ ¨³´µ£µ ¶¥·¥³¥Ï¨¢ ´¨Ö ±µ³¶µ´¥´É ( ¤£¥§¨¨) [1, 4]. ˆ´É¥·¥¸ ± ¨§Ê-
Î¥´¨Õ É ±¨Ì ¶·µÍ¥¸¸µ¢ µ¡Ê¸²µ¢²¥´ µ¸µ¡¥´´µ¸ÉÖ³¨ · ¤¨ Í¨µ´´ÒÌ ¨§³¥´¥´¨°
¢ ³ É¥·¨ ² Ì, ±µÉµ·Ò¥ ¨³¥ÕÉ ´¥ Éµ²Ó±µ ¡µ²ÓÏµ¥ ËÊ´¤ ³¥´É ²Ó´µ¥ §´ Î¥´¨¥
¤²Ö ¶µ´¨³ ´¨Ö µ¸´µ¢´ÒÌ § ±µ´µ³¥·´µ¸É¥° ¢§ ¨³µ¤¥°¸É¢¨Ö ÉÖ¦¥²ÒÌ § ·Ö¦¥´-
´ÒÌ Î ¸É¨Í ¸ ±µ´¤¥´¸¨·µ¢ ´´Ò³¨ ¸·¥¤ ³¨, ´µ É ±¦¥ ¢ ¦´Ò ¤²Ö ¶·¨±² ¤´ÒÌ
Í¥²¥°,   ¨³¥´´µ ¤²Ö ¨¸¶µ²Ó§µ¢ ´¨Ö ¤ ´´ÒÌ ÔËË¥±Éµ¢ ¢ · §¢¨É¨¨ ´µ¢ÒÌ É¥Ì-
´µ²µ£¨° ¨ ¸µ¢¥·Ï¥´¸É¢µ¢ ´¨Ö Ê¦¥ ¨³¥ÕÐ¨Ì¸Ö.

–¥²ÓÕ ´ ¸ÉµÖÐ¥° · ¡µÉÒ Ö¢²Ö¥É¸Ö ¶·¨³¥´¥´¨¥ ³µ¤¥²¨ É¥¶²µ¢µ£µ ¶¨± 
[5Ä9] ¤²Ö ¢ÒÎ¨¸²¥´¨Ö É¥³¶¥· ÉÊ·Ò ·¥Ï¥É±¨ (Ti)¨ Ô²¥±É·µ´µ¢ (Te) ¢ ¸²ÊÎ ¥
¤¢Ê¸²µ°´ÒÌ ¸¨¸É¥³.

1. Œ�„…‹œ ’…�Œˆ—…‘Š�ƒ� �ˆŠ� ‚ „‚“‘‹�‰�›•
Œ�’…�ˆ�‹�•

�¸´µ¢´Ò³¨ ³¥Ì ´¨§³ ³¨ ¶·µÍ¥¸¸µ¢ µ¡· §µ¢ ´¨Ö É·¥±µ¢ ÉÖ¦¥²ÒÌ ¨µ´µ¢ ¢
¤¨Ô²¥±É·¨Î¥¸±¨Ì ³ É¥·¨ ² Ì Ö¢²ÖÕÉ¸Ö ³µ¤¥²¨ ±Ê²µ´µ¢¸±µ£µ ¢§·Ò¢  ¨ É¥·³¨-
Î¥¸±µ£µ ¶¨±  [7, 8]. �µ³¨³µ ÔÉµ£µ, ³µ¤¥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¢ [9Ä12].
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’·¥±µ³ ÉÖ¦¥²µ° § ·Ö¦¥´´µ° Î ¸É¨ÍÒ ¶·¨´ÖÉµ ´ §Ò¢ ÉÓ ¸¨²Ó´µ ¤¥¸É·Ê±-
É¨·µ¢ ´´ÊÕ µ¡² ¸ÉÓ ¢µ±·Ê£ É· ¥±Éµ·¨¨ ÉÖ¦¥²µ£µ ¨µ´  ¢ ³ É¥·¨ ²¥, ¸µ§¤ ´-
´ÊÕ §  ¸Î¥É É¥³¶¥· ÉÊ·´ÒÌ ÔËË¥±Éµ¢, ¢Ò§¢ ´´ÒÌ ¨µ´¨§ Í¨µ´´Ò³¨ ¶µÉ¥·Ö³¨

Ô´¥·£¨¨ Sinel = −
(

∂E

∂z

)
inel

, ¶·¨¢µ¤ÖÐ¨Ì ± · ¸¶² ¢²¥´¨Õ ¨ ¶µ¸²¥¤ÊÕÐ¥°

¢µ§³µ¦´µ° Î ¸É¨Î´µ° ·¥±·¨¸É ²²¨§ Í¨¨ ¨²¨  ³µ·Ë¨§ Í¨¨ ÔÉµ° µ¡² ¸É¨.

�¨¸. 1. ‡ ¢¨¸¨³µ¸ÉÓ Ê¤¥²Ó´ÒÌ ¨µ´¨§ Í¨µ´´ÒÌ ¶µÉ¥·Ó Ô´¥·£¨¨ Sinel = −
(

∂E

∂z

)
inel

¨µ´µ¢ 209Bi ¸ Ô´¥·£¨¥° 710 ŒÔ‚ µÉ £²Ê¡¨´Ò ¢ ¤¢Ê¸²µ°´ÒÌ ¸É·Ê±ÉÊ· Ì: Ni(2 ³±³)/W ( )
W(2 ³±³)/Ni (¡)

�  ·¨¸. 1 ¶·¥¤¸É ¢²¥´  § ¢¨¸¨³µ¸ÉÓ Ê¤¥²Ó´ÒÌ ¨µ´¨§ Í¨µ´´ÒÌ ¶µÉ¥·Ó Ô´¥·-

£¨¨ Sinel = −
(

∂E

∂z

)
inel

¤²Ö ¨µ´µ¢ 209Bi ¸ Ô´¥·£¨¥° 710 ŒÔ‚ µÉ £²Ê¡¨´Ò ¢

¤¢Ê¸²µ°´ÒÌ ³¨Ï¥´ÖÌ,   ¨³¥´´µ ¤²Ö ³¨Ï¥´¨ ¨§ ¢µ²ÓË· ³ , ¶µ±·ÒÉµ£µ ¸²µ¥³
´¨±¥²Ö ¸ Éµ²Ð¨´µ° 2 ³±³ ( ) ¨ ¤²Ö ³¨Ï¥´¨ ¨§ ´¨±¥²Ö, ¶µ±·ÒÉµ£µ ¸²µ¥³
¢µ²ÓË· ³  ¸ Éµ²Ð¨´µ° 2 ³±³ (¡).

	²¥±É·µ´Ò ¸ Ô´¥·£¨¥°, ¶·¥¢ÒÏ ÕÐ¥° Ô´¥·£¨Õ ”¥·³¨ (EF ), ¶¥·¥¤ ÕÉ
¸¢µÕ Ô´¥·£¨Õ ®Ìµ²µ¤´Ò³¯ Ô²¥±É·µ´ ³ §  ¸Î¥É Ô²¥±É·µ´-Ô²¥±É·µ´´µ£µ · ¸¸¥-
Ö´¨Ö. • · ±É¥·´µ¥ ¢·¥³Ö ÔÉµ£µ ¶·µÍ¥¸¸  (τth) ¶·¨³¥·´µ ´  ¶µ·Ö¤µ± ³¥´ÓÏ¥
¢·¥³¥´¨ µÌ² ¦¤¥´¨Ö Ô²¥±É·µ´µ¢ ¢¸²¥¤¸É¢¨¥ Ô²¥±É·µ´´µ° É¥¶²µ¶·µ¢µ¤´µ¸É¨,

É. ¥. τth � τχ =
r2
0

χe
, £¤¥ χe Å- É¥¶²µ¶·µ¢µ¤´µ¸ÉÓ Ô²¥±É·µ´´µ£µ £ §  [13]. ‘²¥-

¤µ¢ É¥²Ó´µ, ¶·µÍ¥¸¸ µ¸ÉÒ¢ ´¨Ö ®£µ·ÖÎ¨Ì¯ Ô²¥±É·µ´µ¢ ³µ¦´µ µ¶¨¸ ÉÓ Ê· ¢´¥-
´¨¥³ É¥¶²µ¶·µ¢µ¤´µ¸É¨ [14Ä17]. � ¸¸¥Ö´¨¥ ®£µ·ÖÎ¨Ì¯ Ô²¥±É·µ´µ¢ ´   Éµ³ Ì
¢ Ê§² Ì ·¥Ï¥É±¨ ¶·¨¢µ¤¨É ± ¶µ¢ÒÏ¥´¨Õ ·¥Ï¥ÉµÎ´µ° É¥³¶¥· ÉÊ·Ò. • · ±É¥·-
´µ¥ ¢·¥³Ö É¥¶²µ¶¥·¥¤ Î¨ µÉ Ô²¥±É·µ´µ¢ ·¥Ï¥É±¥ (τL) Ê¤µ¢²¥É¢µ·Ö¥É Ê¸²µ¢¨Õ
τL � τχ.

‚ · ¡µÉ¥ [13] ¢ÒÎ¨¸²¥´¨¥ É¥³¶¥· ÉÊ·Ò ·¥Ï¥É±¨ ¡Ò²µ ¶·µ¢¥¤¥´µ ¸²¥-
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¤ÊÕÐ¨³ µ¡· §µ³: ¢´ Î ²¥ ¡Ò²µ · ¸¸³µÉ·¥´µ µÌ² ¦¤¥´¨¥ ®£µ·ÖÎ¨Ì¯ Ô²¥±-
É·µ´µ¢ ¢¸²¥¤¸É¢¨¥ Ô²¥±É·µ´´µ° É¥¶²µ¶·µ¢µ¤´µ¸É¨,   § É¥³ ¶·µ¸É· ´¸É¢¥´´µ-
¢·¥³¥´´µ° ¶·µË¨²Ó Ô²¥±É·µ´´µ° É¥³¶¥· ÉÊ·Ò T¥(r, t) ¡Ò² ¨¸¶µ²Ó§µ¢ ´ ¤²Ö
¢ÒÎ¨¸²¥´¨Ö É¥³¶¥· ÉÊ·Ò ·¥Ï¥É±¨ ¶·¨³¥´¨É¥²Ó´µ ± ±·¨¸É ²²¨Î¥¸±¨³ ¨  ³µ·Ë-
´Ò³ ¸É·Ê±ÉÊ· ³.

‚ µÉ²¨Î¨¥ µÉ ÔÉµ£µ ¶µ¤Ìµ¤ , ¢ ¡µ²¥¥ · ´´¨Ì · ¡µÉ Ì [16Ä19] ¡Ò²  ¢¢¥¤¥´ 
¸¨¸É¥³  ¤¢ÊÌ ¸¢Ö§ ´´ÒÌ Ê· ¢´¥´¨° ¢ Î ¸É´ÒÌ ¶·µ¨§¢µ¤´ÒÌ ¤²Ö É¥³¶¥· ÉÊ·
Ô²¥±É·µ´µ¢ T¥(r, t) ¨ ·¥Ï¥É±¨ Ti(r, t). „ ´´ Ö ¸¨¸É¥³  Ê· ¢´¥´¨° ¢ ´ ¸ÉµÖÐ¥¥
¢·¥³Ö ¤µ¸É ÉµÎ´µ Ï¨·µ±µ ¶·¨³¥´Ö¥É¸Ö ¤²Ö Î¨¸²¥´´ÒÌ ¢ÒÎ¨¸²¥´¨° ¨ µÍ¥´µ±
É¥³¶¥· ÉÊ·Ò ·¥Ï¥É±¨ ¢ ®É·¥±¥¯ ÉÖ¦¥²µ£µ ¨µ´  (¸³., ´ ¶·¨³¥·, [5, 6, 20Ä22].

‘ ÊÎ¥Éµ³  ±¸¨ ²Ó´µ° ¸¨³³¥É·¨¨ ´¥Ê¶·Ê£¨Ì ¶µÉ¥·Ó Ô´¥·£¨¨ ÉÖ¦¥²µ£µ ¨µ´ 

¢Ò¸µ±µ° Ô´¥·£¨¨ Sinel = −
(

∂E

∂z

)
inel

¸¨¸É¥³Ò Ê· ¢´¥´¨° ¤²Ö µ¶·¥¤¥²¥´¨Ö ·¥-

Ï¥ÉµÎ´µ° ¨ Ô²¥±É·µ´´µ° É¥³¶¥· ÉÊ· ¢ Í¨²¨´¤·¨Î¥¸±µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É ¢
µ¡µ¨Ì ¸²µÖÌ ³µ¦¥É ¡ÒÉÓ § ¶¨¸ ´  ¢ ¢¨¤¥, ¶µ²ÊÎ¥´´µ³ ¡¥§ ËÊ´±Í¨¨ ¨¸ÉµÎ´¨± 
Aν(r, z, t) ¢ µ¸´µ¢µ¶µ² £ ÕÐ¨Ì · ¡µÉ Ì [16Ä19] ¨ ¸ É ±µ° ËÊ´±Í¨¥° [4Ä6, 21]:

Ce,ν(Te,ν)
∂Te,ν

∂ t
=

1
r

∂

∂ r

(
rχe,ν(Te,ν)

∂Te,ν

∂ r

)
+

∂

∂ z

(
χe,ν(Te,ν)

∂Te,ν

∂ z

)
−

− gν (Te,ν − Ti,ν) + Aν(r, z, t), (1)

Ci,ν(Ti,ν)
∂Ti,ν

∂ t
=

1
r

∂

∂ r

(
rχII

i,ν(Ti,ν)
∂Ti,ν

∂ r

)
+

∂

∂ z

(
χ⊥

i,ν(Ti,ν)
∂Ti,ν

∂ z

)
+

+ gν (Te,ν − Ti,ν) . (2)

‚ Ê· ¢´¥´¨ÖÌ (1) ¨ (2) ¨´¤¥±¸ ν = 1 µÉ´µ¸¨É¸Ö ± ³ É¥·¨ ²Ê ¶µ±·ÒÉ¨Ö
¨²¨ ¶¥·¢µ£µ ¸²µÖ (É. ¥. ¶·¨ ¨§³¥´¥´¨¨ ±µµ·¤¨´ ÉÒ z ¢ ¨´É¥·¢ ²¥ 0 � z � H)
¨ ¨´¤¥±¸ ν = 2 µÉ´µ¸¨É¸Ö ± ³ É¥·¨ ²Ê ¶µ¤²µ¦±¨ ¨²¨ ¢Éµ·µ£µ ¸²µÖ. ‚ Ê· ¢-
´¥´¨ÖÌ (1)Ä(2) Te,1(r, z, t), Ti,1(r, z, t) ¨ Te,2(r, z, t), Ti,2(r, z, t) Å É¥³¶¥· -
ÉÊ·Ò Ô²¥±É·µ´´µ£µ £ §  ¨ ·¥Ï¥É±¨ ¢ µ¡µ¨Ì ¸²µÖÌ ¸µµÉ¢¥É¸É¢¥´´µ,   e,ν(Te,ν)
¨ χe,ν(Te,ν) ¨ i,ν(Ti,ν) ¨ χ

||,⊥
i,ν (Ti,ν) Å É¥¶²µ¥³±µ¸É¨ ¨ É¥¶²µ¶·µ¢µ¤´µ¸É¨

Ô²¥±É·µ´´µ£µ £ §  ¨ ·¥Ï¥Éµ± (¸ ¨´¤¥±¸ ³¨ ν = 1, 2). ‚ µ¡Ð¥³ ¸²ÊÎ ¥ ¤²Ö
³µ´µ±·¨¸É ²²¨Î¥¸±¨Ì ³ É¥·¨ ²µ¢ ¶µ¤²µ¦±¨ ¨ ´ ´¥¸¥´´µ£µ ¸²µÖ É¥¶²µ¶·µ-
¢µ¤´µ¸É¨ ³µ£ÊÉ § ¢¨¸eÉÓ µÉ ±·¨¸É ²²µ£· Ë¨Î¥¸±¨Ì ´ ¶· ¢²¥´¨°. ‡¤¥¸Ó µ¸Ó z
´ ¶· ¢²¥´  ¶¥·¶¥´¤¨±Ê²Ö·´µ ¶²µ¸±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·¨¨. g1 ¨ g2 Å ±µ´¸É ´ÉÒ Ô²¥±É·µ´-Ëµ´µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ¶¥·-
¢µ³ ¸²µ¥ ¨ ³ É¥·¨ ²¥ ¶µ¤²µ¦±¨ ¸µµÉ¢¥É¸É¢¥´´µ.

‘¨¸É¥³Ê (1)Ä(2) ·¥Ï ¥³ ¸µ ¸²¥¤ÊÕÐ¨³¨ ´ Î ²Ó´Ò³¨ ¨ £· ´¨Î´Ò³¨ Ê¸²µ-
¢¨Ö³¨ ¨ ¸ Ê¸²µ¢¨Ö³¨ ¸µ¶·Ö¦¥´¨Ö ´  · §¤¥²¥ ¤¢ÊÌ ³ É¥·¨ ²µ¢.
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� Î ²Ó´Ò¥ Ê¸²µ¢¨Ö

Te,ν (r, z, t = 0) = T0, Ti,ν (r, z, t = 0) = T0, (3)

£¤¥ ν = 1, 2, 0 < r < Rmax, 0 < z < Zmax ¨ T0 = 300 K.

ƒ· ´¨Î´Ò¥ Ê¸²µ¢¨Ö

∂Te,ν (r, z, t)
∂r

∣∣∣∣
r=0

= 0,
∂Ti,ν (r, z, t)

∂r

∣∣∣∣
r=0

= 0,

Te,ν (r = Rmax, t) = T0, Ti,ν (r = Rmax, t) = T0,

£¤¥ 0 < z < Zmax, 0 < t < tmax.

∂Te,1 (r, z, t)
∂z

∣∣∣∣
z=0

= 0,
∂Ti,1 (r, z, t)

∂z

∣∣∣∣
z=0

= 0,

Te,2 (r, z = Zmax, t) = T0, Ti,2 (r, z = Zmax, t) = T0,

£¤¥ 0 < r < Rmax, 0 < t < tmax.

(4)

“¸²µ¢¨Ö ¸µ¶·Ö¦¥´¨Ö ´  £· ´¨Í¥ · §¤¥²  ¤¢ÊÌ ³ É¥·¨ ²µ¢

“¸²µ¢¨Ö ¸µ¶·Ö¦¥´¨Ö ´  £· ´¨Í¥ · §¤¥²  ¢¤ÊÌ ³ É¥·¨ ²µ¢ ³µ¦´µ ¢¢¥¸É¨
¤¢Ê³Ö ¸¶µ¸µ¡ ³¨:

 ) ¨¤¥ ²Ó´Ò° ±µ´É ±É:

Te,1 (r, z = H − 0, t) = Te,2 (r, z = H + 0, t) ,

Ti,1 (r, z = H − 0, t) = Ti,2 (r, z = H + 0, t) .

χe,1 (Te,1)
∂ Te,1 (r, z = H − 0, t)

∂ z
= χe,2 (Te,2)

∂ Te,2 (r, z = H + 0, t)
∂ z

,

χi,1 (Ti,1)
∂ Ti,1 (r, z = H − 0, t)

∂ z
= χi,2 (Ti,2)

∂ Ti,2 (r, z = H + 0, t)
∂ z

,

(5)

£¤¥ 0 < r < Rmax, 0 < t < tmax.

	É¨ Ê¸²µ¢¨Ö µ§´ Î ÕÉ ´¥¶·¥·Ò¢´µ¸ÉÓ É¥³¶¥· ÉÊ·Ò ¨ É¥¶²µ¢µ£µ ¶µÉµ± 
´  £· ´¨Í¥ · §¤¥²  ¤¢ÊÌ ³ É¥·¨ ²µ¢ ¶·¨ z = H .
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¡) ´¥ ¨¤¥ ²Ó´Ò° ±µ´É ±É:

−χe,1 (Te,1)
∂ Te,1 (r, z = H − 0, t)

∂ z
= θ

[
Te,1 (r, z = H − 0, t)−

− Te,2 (r, z = H + 0, t)
]
,

−χe,2 (Te,2)
∂ Te,2 (r, z = H + 0, t)

∂ z
= θ

[
Te,1 (r, z = H − 0, t)−

− Te,2 (r, z = H + 0, t)
]
,

−χi,1 (Te,1)
∂ Ti,1 (r, z = H − 0, t)

∂ z
= θ

[
Ti,1 (r, z = H − 0, t)−

− Ti,2 (r, z = H + 0, t)
]
,

−χi,2 (Ti,2)
∂ Ti,2 (r, z = H + 0, t)

∂ z
= θ

[
Ti,1 (r, z = H − 0, t)−

− Ti,2 (r, z = H + 0, t)
]
,

(6)

£¤¥ 0 < r < Rmax, 0 < t < tmax; θ Å ÔËË¥±É¨¢´Ò° ±µÔËË¨Í¨¥´É ¶¥·¥¤ Î¨
Ô´¥·£¨¨.

„ ²¥¥ ¶·¥¤¶µ² £ ¥³, ÎÉµ Rp < Zmax � lp, H < Rp, £¤¥ Rp Å ¤²¨´ 
¶·µ¥±É¨¢´µ£µ ¶·µ¡¥£  ¨µ´ ; lp Å Éµ²Ð¨´  ¶µ¤²µ¦±¨; Rmax Å ³¨´¨³ ²Ó´Ò°
· ¤¨Ê¸ Ê¤ ²¥´¨Ö µÉ É· ¥±Éµ·¨¨ ¨µ´ ,   Zmax Å ³¨´¨³ ²Ó´ Ö £²Ê¡¨´ , ¶·¥-
¢ÒÏ ÕÏ Ö ¤²¨´Ê ¶·µ¥±É¨¢´µ£µ ¶·µ¡¥£  ¨µ´ , ¶·¨ ±µÉµ·µ° ·¥Ï¥É±Ê ³µ¦´µ
¸Î¨É ÉÓ ´¥¢µ§³ÊÐ¥´´µ°,   ¥¥ É¥³¶¥· ÉÊ·Ê ¶·¨ r > Rmax ¨ z > Zmax · ¢-
´µ° T0.

‚ µ¡Ð¥³ ¸²ÊÎ ¥ ËÊ´±Í¨¨ Aν(r, z, t) Å µ¡Ñ¥³´Ò¥ ¶²µÉ´µ¸É¨ ¢´µ¸¨³ÒÌ
¨µ´µ³ ³µÐ´µ¸É¥° ¢ ¸²µÖÌ ¨ ³µ£ÊÉ ¡ÒÉÓ ¶·¥¤¸É ¢²¥´Ò ¢ ¢¨¤¥ ´ ¨¡µ²¥¥ Î ¸Éµ
¨¸¶µ²Ó§Ê¥³ÒÌ ¢Ò· ¦¥´¨° [23, 24]:

Aν(r, z, t) = bν · Sinelν exp
[
−(t − t0ν)2

2σ2
tν

]
exp

(
− r

r0ν

)
. (7)

’ ± ± ± §´ Î¥´¨Ö ¨µ´¨§ Í¨µ´´ÒÌ ¶µÉ¥·Ó Ô´¥·£¨¨ ÉÖ¦¥²µ£µ ¨µ´  ¢ ³ -
É¥·¨ ²¥ ¶µ±·ÒÉ¨Ö ¨ ¶µ¤²µ¦±¨ · §²¨Î ÕÉ¸Ö ¢ ¶·¥¤¥² Ì, ´¥ ¶·¥¢ÒÏ ÕÐ¨Ì,
± ± ¶· ¢¨²µ, µ¤´µ£µ ¶µ·Ö¤±  ¢¥²¨Î¨´Ò, Éµ Î¨¸²¥´´Ò¥ §´ Î¥´¨Ö ¢¥²¨Î¨´ t0ν ,
σtν ¨ r0ν ¤²Ö ν = 1, 2 ¡Ê¤¥³ ¸Î¨É ÉÓ µ¤¨´ ±µ¢Ò³¨. ‚·¥³Ö ¤µ¸É¨¦¥´¨Ö Ô²¥±-
É·µ´ ³¨ · ¢´µ¢¥¸´µ£µ · ¸¶·¥¤¥²¥´¨Öt0, Éµ ¥¸ÉÓ ¢·¥³Ö ¸¢µ¡µ¤´µ£µ ¶·µ¡¥£ 
δ-Ô²¥±É·µ´µ¢ ¸µ ¸·¥¤´¥° Ô´¥·£¨¥° εe, t0 ≈ (1−5) · 10−15 ¸. �µ²ÊÏ¨·¨´ 
· ¸¶·¥¤¥²¥´¨Ö ¶µ t ¶·¨´ÖÉ  · ¢´µ° σtν = t0 [25]. ‘±µ·µ¸ÉÓ Ô±¸¶µ´¥´Í¨-
 ²Ó´µ£µ ¸¶ ¤  ¨²¨ ¶·µ¸É· ´¸É¢¥´´ Ö Ï¨·¨´  ¢Ò¸µ±µ¢µ§¡Ê¦¤¥´´µ° µ¡² ¸É¨
r0 � 2,5 ´³ [24] ¨²¨ ¦¥ r0

∼= 1 ´³ [13]. �µ·³¨·µ¢µÎ´Ò° ³´µ¦¨É¥²Ó bν
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µ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê¸²µ¢¨° ´µ·³¨·µ¢±¨:

∞∫
0

dt

rm∫
0

2πrAν(r, z, t)dr = Sinelν ≡ −
(

∂E

∂z

)
inelν

(z);

§¤¥¸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 [13, 25]. �É±Ê¤  ¶µ¸²¥
¨´É¥£·¨·µ¢ ´¨Ö ¢ Ê¸²µ¢¨¨ ´µ·³¨·µ¢±¨ ¨³¥¥³ (¸Î¨É Ö, ÎÉµ rm1 ≈ rm2) [21]:

bν = {(2π)3/20,84134r2
0νt0[1 − exp (−rm/r0ν)(1 + rm/r0ν)]}−1.

’µ£¤  ¶·¨ rm/r0 � 1 ´ Ìµ¤¨³

bν = {(2π)3/20,84134r2
0νt0}−1.

’ ±¨³ µ¡· §µ³, ³Ò ³µ¦¥³ ·¥Ï ÉÓ ¸²¥¤ÊÕÐ¨¥ ¤¢¥ § ¤ Î¨, É. ¥.  ) § ¤ ÎÊ ¸ ¨¤¥-
 ²Ó´Ò³ ±µ´É ±Éµ³ (1)Ä(5), ¡) § Î ÎÊ ¸ ´¥ ¨¤¥ ²Ó´Ò³ ±µ´É ±Éµ³ (1)Ä(4) ¨ (6).

2. ”�‡�‚›… �…�…•�„›

Œµ¤¥²¨·µ¢ ´¨¥ ¤¨´ ³¨±¨ Ë §µ¢ÒÌ ¶¥·¥Ìµ¤µ¢ É¨¶  ¶² ¢²¥´¨Ö ¨²¨ § -
É¢¥·¤¥¢ ´¨Ö ¶·¨¢µ¤¨É ± § ¤ Î¥ ‘É¥Ë ´  ¤²Ö Ë §µ¢ÒÌ ¶¥·¥Ìµ¤µ¢ ¶¥·¢µ£µ ·µ¤ .
�¥Ï¥´¨¥ ÔÉµ° § ¤ Î¨ ¸¢µ¤¨É¸Ö ± ·¥Ï¥´¨Õ ¸¨¸É¥³Ò (1)Ä(2) ¢ µ¡² ¸É¨ ¸ ´¥¨§-
¢¥¸É´µ° ¶µ¤¢¨¦´µ° ¶µ¢¥·Ì´µ¸ÉÓÕ ξ = ξ (r, z, t), ±µÉµ· Ö · §¤¥²Ö¥É É¢¥·¤ÊÕ ¨
¦¨¤±ÊÕ Ë §Ò. 	É  ¶µ¢¥·Ì´µ¸ÉÓ ´ §Ò¢ ¥É¸Ö ¨§µÉ¥·³¨Î¥¸±µ° ¶µ¢¥·Ì´µ¸ÉÓÕ

Ti,ν (r, z, t) = T¶², (8)

£¤¥ T¶² Å É¥³¶¥· ÉÊ·  ¶² ¢²¥´¨Ö.
‘±µ·µ¸ÉÓ · ¸¶·µ¸É· ´¥´¨Ö ¨§µÉ¥·³¨Î¥¸±µ° ¶µ¢¥·Ì´µ¸É¨ ¢ÒÎ¨¸²Ö¥É¸Ö ¸²¥-

¤ÊÕÐ¨³ µ¡· §µ³ [26]:

v = − 1
HT

∂ Ti,ν

∂ t
, (9)

£¤¥ HT =
∂ Ti,ν

∂ n
= |∇Ti,ν |.

�  ³¥¦Ë §µ¢µ° ¶µ¢¥·Ì´µ¸É¨ ¤µ²¦´µ ¢Ò¶µ²´ÖÉÓ¸Ö É ± ´ §Ò¢ ¥³µ¥ Ê¸²µ¢¨¥
‘É¥Ë ´  [27]:

χi,ν,1 |∇Ti,ν,1| − χi,ν,2 |∇Ti,ν,2| = ±Lνρν,2v, (10)

£¤¥ ¨´¤¥±¸ 1 ¸µµÉ¢¥É¸É¢Ê¥É ¦¨¤±µ° Ë §¥,   2 Å É¢¥·¤µ° Ë §¥; Lν Å Ê¤¥²Ó´ Ö
É¥¶²µÉ  ¶² ¢²¥´¨Ö ³ É¥·¨ ²  (L1 µÉ´µ¸¨É¸Ö ± ³ É¥·¨ ²Ê ¶µ±·ÒÉ¨Ö, L2 Å

6



± ³ É¥·¨ ²Ê ¶µ¤²µ¦±¨); ρν,2 Å ¶²µÉ´µ¸ÉÓ ³ É¥·¨ ² . ‡´ ±¨ ¤µ²¦´Ò ¡ÒÉÓ
¢Ò¡· ´Ò É ±, ÎÉµ¡Ò µ´¨ ¸µµÉ¢¥É¸É¢µ¢ ²¨ · ¸¸³ É·¨¢ ¥³µ° § ¤ Îe. ’ ±¨³
µ¡· §µ³, § ¤ ÎÊ Ë §µ¢ÒÌ ¶¥·¥Ìµ¤µ¢ ³µ¦¥³ ·¥Ï ÉÓ, ¤µ¡ ¢²ÖÖ Ê¸²µ¢¨¥ (10) ±
§ ¤ Î ³  ) ¨ ¡) ¶·¥¤Ò¤ÊÐ¥£µ · §¤¥² .

‚ · ¡µÉ Ì [28, 29] · §· ¡µÉ ´ ³¥Éµ¤ Î¨¸²¥´´µ£µ ·¥Ï¥´¨Ö § ¤ Î¨ ‘É¥-
Ë ´  (Ë §µ¢Ò° ¶¥·¥Ìµ¤ É¨¶  ¶² ¢²¥´¨Ö-§ É¢¥·¤¥¢ ´¨Ö),   ¢ [30, 31] ¨§ÊÎ¥´
¶·µÍ¥¸¸ ¨¸¶ ·¥´¨Ö ¤²Ö ³¥É ²²¨Î¥¸±µ£µ µ¡· §Í , µ¡²ÊÎ ¥³µ£µ ¸¨²Ó´µÉµÎ´Ò³
¨¸ÉµÎ´¨±µ³ ¨µ´µ¢ Ê£²¥·µ¤ .

ˆ¸¶ ·¥´¨¥ ¢¥Ð¥¸É¢  ¢µ§³µ¦´µ Éµ²Ó±µ ¸ ¶µ¢¥·Ì´µ¸É¨ ¶¥·¢µ£µ ¸²µÖ,   ´ -
£·¥¢ ´¨¥ ¢Éµ·µ£µ ¸²µÖ ¤µ É¥³¶¥· ÉÊ· ¨¸¶ ·¥´¨Ö ³µ¦¥É ¶·¨¢¥¸É¨, ¢ Éµ³ Î¨¸²¥,
± Î ¸É¨Î´µ³Ê µÉ¸² ¨¢ ´¨Õ ´ ´¥¸¥´´µ£µ ¶¥·¢µ£µ ¸²µÖ µÉ ¢Éµ·µ£µ ¸²µÖ §  ¸Î¥É
¢µ§´¨± ÕÐ¥£µ ¤ ¢²¥´¨Ö ¢µ ¢Éµ·µ³ ¸²µ¥ ´  £· ´¨Í¥ · §¤¥² . ’µ ¥¸ÉÓ É ±µ°
¶·µÍ¥¸¸ ¡Ê¤¥É ´ ¶µ³¨´ ÉÓ Ö¢²¥´¨Ö É¨¶  ¡²¨¸É¥·¨´£  ¨ Ë²¥±¨´£  ´  ¶µ¢¥·Ì-
´µ¸É¨ ¶¥·¢µ£µ ¸²µÖ ¢ µ¸µ¡¥´´µ¸É¨ ¶·¨ ¥£µ µÉ´µ¸¨É¥²Ó´µ ´¥¡µ²ÓÏµ° Éµ²Ð¨´Ò
¶µ ¸· ¢´¥´¨Õ ¸ ¶·µ¡¥£µ³ ÉÖ¦¥²µ£µ ¨µ´ 

„²Ö µÍ¥´µ± ¸±µ·µ¸É¨ ¨¸¶ ·¥´¨Ö  Éµ³µ¢ ¸ ¶µ¢¥·Ì´µ¸É¨ ³µ¦´µ ¨¸¶µ²Ó§µ-
¢ ÉÓ ¢Ò· ¦¥´¨¥, ¶·¨¢¥¤¥´´µ¥ ¢ · ¡µÉ¥ [32] ¤²Ö Î¨¸²   Éµ³µ¢, ¨¸¶ ·¥´´ÒÌ
¸ ¶µ¢¥·Ì´µ¸É¨ É¢¥·¤µ£µ É¥²  ¢ § ¢¨¸¨³µ¸É¨ µÉ É¥³¶¥· ÉÊ·Ò ¶µ¢¥·Ì´µ¸É¨ ¢
¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

dn

dt
= ν3,5 · 1022P1(T1,1)/{MiT1,1}1/2  Éµ³/¸³2 · c,

£¤¥ ν Å ¢¥·µÖÉ´µ¸ÉÓ ¶·¨²¨¶ ´¨Ö  Éµ³  ³¥É ²²  ± ¶µ¢¥·Ì´µ¸É¨ (sticking
probability); P1(T1,1) Å · ¢´µ¢¥¸´µ¥ ¤ ¢²¥´¨¥ ¶ ·  (Éo··) ¶·¨ É¥³¶¥· ÉÊ·¥
T1,1(Š); Mi Å  Éµ³´Ò° ¢¥¸  Éµ³  ·¥Ï¥É±¨. �¡ÒÎ´µ [32] §´ Î¥´¨¥ ¶ · ³¥É· 
ν ≈ 0,6−0,9. �·¨ §´ Î¥´¨¨ ¶ · ³¥É·  ν = 1 ¢ ÔÉµ° · ¡µÉ¥ ¶·¥¤¸É ¢²¥´Ò
§ ¢¨¸¨³µ¸É¨ ¤ ¢²¥´¨Ö ¨¸¶ ·¥´¨Ö (vapour pressure data) ¨ ±µÔËË¨Í¨¥´É  ¨¸-
¶ ·¥´¨Ö µÉ É¥³¶¥· ÉÊ·Ò ¤²Ö ·Ö¤  ¢¥Ð¥¸É¢,   ¨³¥´´µ ¤²Ö W, Ta, Nb, Mo, C,
V, Ni, Fe ¨ Cr. � ¢´µ¢¥¸´µ¥ ¤ ¢²¥´¨¥ ¶ ·µ¢ ¤²Ö ³¥É ²²µ¢ Ìµ·µÏµ ¨§¢¥¸É´µ
[32] ¨ ³µ¦¥É ¡ÒÉÓ § ¶¨¸ ´µ ± ±

P (T ) = P0 exp [−∆/(kB · T )],

£¤¥ ∆ Å É¥¶²µÉ  ¸Ê¡²¨³ Í¨¨, ¸² ¡µ § ¢¨¸ÖÐ Ö µÉ É¥³¶¥· ÉÊ·Ò [32, 33].
‚ · ¡µÉ¥ [34] · §¢¨É  ³µ¤¥²Ó ¤²Ö · ¸¶Ò²¥´¨Ö ´  µ¸´µ¢¥ ¢¸¶ÒÏ±¨ Ê¶·Ê£¨Ì

¸Éµ²±´µ¢¥´¨° (elastic-collision spike), ±µÉµ· Ö ¤ ²¥¥ ´ §Ò¢ ¥É¸Ö ¸É ´¤ ·É´µ°
É¥µ·¨¥° É¥³¶¥· ÉÊ·´µ° ¢¸¶ÒÏ±¨ [35]. ‚Ò· ¦¥´¨¥ ¤²Ö ¸±µ·µ¸É¨ ¨¸¶ ·¥´¨Ö
 Éµ³µ¢ ¸ ¶µ¢¥·Ì´µ¸É¨, ¢¢¥¤¥´´µ¥ ¢ · ¡µÉ¥ [34], ¨¸¶µ²Ó§µ¢ ´µ ¤²Ö µ¡ÑÖ¸´¥-
´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ·¥§Ê²ÓÉµ¢ ¢ µ¡² ¸É¨ ¢Ò¸µ±¨Ì ¨µ´¨§ Í¨µ´´ÒÌ ¶µÉ¥·Ó
Ô´¥·£¨¨ ¢ [36]:

dn/dt(r, t) = N [kB · T (r, t)/(2πMi)]1/2 exp [−U0/(kB · T (r, t))].
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‡¤¥¸Ó N Å Î¨¸²µ  Éµ³µ¢ ¢ ¥¤¨´¨Í¥ µ¡Ñ¥³  ¶¥·¢µ£µ ¸²µÖ ¢ ¦¨¤±µ° Ë §¥;
U0 Å Ô´¥·£¨Ö ¸¢Ö§¨  Éµ³µ¢ ´  ¶µ¢¥·Ì´µ¸É¨ ¦¨¤±µ¸É¨, ±µÉµ· Ö ³µ¦¥É ¡ÒÉÓ
µÍ¥´¥´  ± ± ∼ 1 Ô‚ [36, 37].

�·¨ Éµ·³µ¦¥´¨¨ ¡Ò¸É·µ° ÉÖ¦¥²µ° § ·Ö¦¥´´µ° Î ¸É¨ÍÒ ¨µ´  ¢ ±µ´¤¥´-
¸¨·µ¢ ´´ÒÌ ¸·¥¤ Ì É ± Ö Î ¸É¨Í  É¥·Ö¥É ¸¢µÕ Ô´¥·£¨Õ ´  ¢µ§¡Ê¦¤¥´¨¥ Ô²¥±-
É·µ´µ¢ ¨ ¨µ´¨§ Í¨Õ  Éµ³µ¢ ·¥Ï¥É±¨. “¤¥²Ó´Ò¥ ´¥Ê¶·Ê£¨¥ ¶µÉ¥·¨ Ô´¥·£¨¨

Ê¸±µ·¥´´µ£µ ¨µ´  Sinel,ν(z) = −
(

∂E

∂z

)
inelν

¸µ¸É ¢²ÖÕÉ ¤¥¸ÖÉ±¨ ±Ô‚/´³,  

¶²µÉ´µ¸É¨ ¢µ§¡Ê¦¤¥´´ÒÌ Ô²¥±É·µ´µ¢ ¢ Í¨²¨´¤·¨Î¥¸±µ° µ¡² ¸É¨ ¸ ¤¨ ³¥É·µ³
100 
A ³µ£ÊÉ ¡ÒÉÓ ¶µ·Ö¤±  1020 ¸³−3 ¨ ¢ÒÏ¥. �·µÍ¥¸¸Ò ·¥² ±¸ Í¨¨ Ô´¥·-
£¨¨ ¢µ§¡Ê¦¤¥´´ÒÌ Ô²¥±É·µ´µ¢ ¸²¥¤ÊÕÐ¨¥: Ô²¥±É·µ´-Ô²¥±É·µ´´µ¥ · ¸¸¥Ö´¨¥
(¢·¥³Ö ·¥² ±¸ Í¨¨ ¶µ·Ö¤±  τth ≈ 10−15 − 10−13 ¸); Ô²¥±É·µ´-·¥Ï¥ÉµÎ´ Ö ·¥-
² ±¸ Í¨Ö (¢·¥³Ö ·¥² ±¸ Í¨¨ ¶µ·Ö¤±  τχ ≈ 10−13−10−12 ¸); Ëµ´µ´-Ëµ´µ´´µ¥
· ¸¸¥Ö´¨¥ (¢·¥³Ö ·¥² ±¸ Í¨¨ ¶µ·Ö¤±  τL ≈ 10−12 ¸). ‚¢¥¤¥´¨¥ É¥·³µ¤¨´ ³¨-
Î¥¸±µ£µ ¶µ´ÖÉ¨Ö É¥³¶¥· ÉÊ·Ò ·¥Ï¥É±¨ ¨ µ¶¨¸ ´¨¥ ¶·µÍ¥¸¸µ¢ ¶¥·¥· ¸¶·¥¤¥-
²¥´¨Ö É¥³¶¥· ÉÊ·Ò ¸ ¶µ³µÐÓÕ Ê· ¢´¥´¨Ö É¥¶²µ¶·µ¢µ¤´µ¸É¨ ¸ · ¢´µ¢¥¸´Ò³¨
§´ Î¥´¨Ö³¨ É¥·³µ¤¨´ ³¨Î¥¸±¨Ì ¶ · ³¥É·µ¢ ¢µ§³µ¦´µ ¢ ¸²ÊÎ ¥, ±µ£¤   Éµ³Ò
·¥Ï¥É±¨ µ¡· §ÊÕÉ ¸É É¨¸É¨Î¥¸±¨-· ¢´µ¢¥¸´Ò°  ´¸ ³¡²Ó, É. ¥. ¶·¨ ¢·¥³¥´ Ì
¶µ·Ö¤±  10−12 ¸.

� ¤²Ö ¢·¥³¥´, ³¥´ÓÏ¨Ì 10−12 ¸, ¸²¥¤Ê¥É ¨¸¶µ²Ó§µ¢ ÉÓ ¨´ÊÕ É¥³¶¥· -
ÉÊ·´ÊÕ ³µ¤¥²Ó, ÊÎ¨ÉÒ¢ ÕÐÊÕ ¢µ²´µ¢µ° Ì · ±É¥· ¶¥·¥´µ¸  É¥¶²µ¢µ° Ô´¥·£¨¨
(¸³., ´ ¶·¨³¥·, [38Ä40]).

3. Œ…’�„ —ˆ‘‹…���ƒ� �…˜…�ˆŸ

�·¨ ·¥Ï¥´¨¨ ¸¨¸É¥³Ò Ê· ¢´¥´¨° (1), (2) ¸ ´ Î ²Ó´Ò³ Ê¸²µ¢¨¥³ (3),
£· ´¨Î´Ò³ Ê¸²µ¢¨¥³ (4) ¨ Ê¸²µ¢¨¥³ ¸µ¶·Ö¦¥´¨Ö (5) ¶·¥¤¶µ²µ£ ²µ¸Ó, ÎÉµ ¢

±·¨¸É ²²¥ ´¥É  ´¨§µÉ·µ¶¨¨ (É. ¥ χ
||
i,ν(Ti,ν) = χ⊥

i,ν(Ti,ν) = χi,ν(Ti,ν)) ¨ É¥-
¶²µË¨§¨Î¥¸±¨¥ ¶ · ³¥É·Ò C ¨ χ ´¥ § ¢¨¸ÖÉ µÉ É¥³¶¥· ÉÊ·Ò (É. ¥. §´ Î¥´¨Ö
É¥¶²µ¥³±µ¸É¨ ¨ É¥¶²µ¶·µ¢µ¤´µ¸É¨ ¢Ò¡¨·a¥³ ¶·¨ ±µ³´ É´µ° É¥³¶¥· ÉÊ·¥).
–¥²¥¸µµ¡· §´µ ¢¢¥¸É¨ ¡¥§· §³¥·´Ò¥ ¶¥·¥³¥´´Ò¥,   ¨³¥´´µ:

Te,ν = Te,ν/T0, Ti,ν = Ti,ν/T0, r = r/∆r, z = z/∆z, t = 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¥·ÉÒ ´ ¤ ¡¥§· §³¥·´Ò³¨ ¢¥²¨Î¨´ ³¨ ¤²Ö ¶·µ¸ÉµÉÒ µ¶ÊÐ¥´Ò):

∂Te,ν

∂ t
= ke,ν

(
1
r

∂Te,ν

∂ r
+

∂2Te,ν

∂ r2
+

∂2Te,ν

∂ z2

)
− gν (Te,ν − Ti,ν) + Aν(r, z, t),

(11)
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∂Ti,ν

∂ t
= ki,ν

(
1
r

∂Ti,ν

∂ r
+

∂2Ti,ν

∂ r2
+

∂2Ti,ν

∂ z2

)
+ gν (Te,ν − Ti,ν) , (12)

£¤¥ kβ,ν = χβ,ν(T0)α1t0/[Cβ,ν(α2t0)2], gβ,ν = gνα1t0/Cβ,ν,   ¨´¤¥±¸ β = e, i.
�´a²µ£¨Î´µ ¶¥·¥¶¨¸Ò¢ ÕÉ¸Ö Ê¸²µ¢¨Ö (3), (4) ¨ (5). ‡´ Î¥´¨Ö Ë¨§¨Î¥¸±¨Ì
¶ · ³¥É·µ¢ ¢§ÖÉÒ ¨§ · ¡µÉÒ [41]. K ± ¢ ¶·¥¤Ò¤ÊÐ¥° · ¡µÉ¥ [22], ¢Ò¡¨· Ö
· ¢´µ³¥·´ÊÕ ¸¥É±Ê, § ¤ ÎÊ (1)Ä(5) ·¥Ï ¥³ Ö¢´µ° ¸Ì¥³µ° [42].

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

�¥Ï Ö ¸¨¸É¥³Ê Ê· ¢´¥´¨° (11), (12) ¸ ´ Î ²Ó´Ò³¨ Ê¸²µ¢¨Ö³¨ (3), £· ´¨Î-
´Ò³ Ê¸²µ¢¨¥³ (4) ¨ Ê¸²µ¢¨¥³ ¸µ¶·Ö¦¥´¨Ö (5), ³Ò ¶·¨¢¥²¨ ¢·¥³¥´´Ò¥ ¨ ±µ-
µ·¤¨´ É´Ò¥ § ¢¨¸¨³µ¸É¨ É¥³¶¥· ÉÊ· Ô²¥±É·µ´µ£µ £ §  Te,ν(r, z, t) ¨ ·¥Ï¥É±¨
Ti,ν(r, z, t) ¤²Ö ¤¢Ê¸²µ°´ÒÌ ³ É¥·¨ ²µ¢.

�  ·¨¸. 2 ¶·¥¤¸É ¢²¥´Ò § ¢¨¸¨³µ¸É¨ Ô²¥±É·µ´´ÒÌ ¨ ·¥Ï¥ÉµÎ´ÒÌ É¥³¶¥-
· ÉÊ· ¢ ¸²µÖÌ Ni ¨ W ¢ ¤¢Ê¸²µ°´µ° ¸É·Ê±ÉÊ·¥ ¢¤µ²Ó ¶·µ¥±É¨¢´µ£µ ¶·µ¡¥£ 

�¨¸. 2. ‡ ¢¨¸¨³µ¸É¨ Ô²¥±É·µ´´ÒÌ ¨ ·¥Ï¥ÉµÎ´ÒÌ É¥³¶¥· ÉÊ· ¢ ¸²µÖÌ µÉ £²Ê¡¨´Ò z
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¨µ´  µÉ £²Ê¡¨´Ò z ¢ ¤¢Ê¸²µ°´µ° ³¨Ï¥´¨ Ni(2 ³±³)/W ¤²Ö ¤¢ÊÌ ³µ³¥´Éµ¢ ¢·¥-
³¥´¨ t1 = 3 · 10−15 ¸ , t2 = 6 · 10−15 ¸ ¨ ¶·¨ Î¥ÉÒ·¥Ì §´ Î¥´¨ÖÌ · ¸¸ÉµÖ´¨Ö
µÉ µ¸¨ É·¥±  r = 0; 25 
A, 50 
A, ¨ 75 
A (¸µµÉ¢¥É¸É¢¥´´µ ±·¨¢Ò¥ 1Ä4).

‚¨¤´µ, ÎÉµ § ¢¨¸¨³µ¸ÉÓ Ô²¥±É·µ´´µ° É¥³¶¥· ÉÊ·Ò µÉ £²Ê¡¨´Ò ¢ ¤¢Ê¸²µ°-
´µ° ³¨Ï¥´¨ ´ ¶µ³¨´ ¥É ¶·µË¨²Ó Ê¤¥²Ó´ÒÌ ¨µ´¨§ Í¨µ´´ÒÌ ¶µÉ¥·Ó Ô´¥·£¨¨
ÉÖ¦¥²µ£µ ¨µ´  (¸³. ·¨¸. 1,  ). ‚ Éµ ¦¥ ¢·¥³Ö ¤²Ö ¸²µÖ Ni É¥³¶¥· ÉÊ·  ¢ ¸²µ¥
¶·¥¢ÒÏ ¥É É¥³¶¥· ÉÊ·Ò ¢ ¶µ¤²µ¦±¥ ¨ · ¸É¥É ¡Ò¸É·ee ¨§-§  ¸µµÉ´µÏ¥´¨° ±µ-
ÔËË¨Í¨¥´Éµ¢, Ì · ±É¥·¨§ÊÕÐ¨Ì É¥¶²µ¢Ò¥ ¶·µÍ¥¸¸Ò. ‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ
Ê¦¥ ¶·¨ ¢·¥³¥´¨ t2 = 6 · 10−15 ¸ É¥³¶¥· ÉÊ·  ¢ ¸²µ¥ Ni Ê¦¥ ¶·¥¢ÒÏ ¥É
É¥³¶¥· ÉÊ·Ê ¶² ¢²¥´¨Ö.

�  ·¨¸. 3 ¶·¥¤¸É ¢²¥´Ò § ¢¨¸¨³µ¸É¨ µÉ ¢·¥³¥´¨ É¥³¶¥· ÉÊ·Ò Ô²¥±É·µ´-
´µ£µ £ §  ¨ ·¥Ï¥É±¨ ´  · §²¨Î´ÒÌ · ¸¸ÉµÖ´¨ÖÌ µÉ É· ¥±Éµ·¨¨ r = 0; 25 
A,
50 
A.

�¨¸. 3. ‡ ¢¨¸¨³µ¸É¨ µÉ ¢·¥³¥´¨ É¥³¶¥· ÉÊ·Ò Ô²¥±É·µ´´µ£µ £ §  (a) ¨ ·¥Ï¥É±¨ (¡) ´ 
¶µ¢¥·Ì´µ¸É¨ µ¡· §Í  ¶¥·¢µ£µ ¸²µÖ ´¨±¥²Ö ¨ ¢Éµ·µ£µ ¸²µÖ ¢µ²ÓË· ³  (£) ´  · §²¨Î´ÒÌ
· ¸¸ÉµÖ´¨ÖÌ µÉ É· ¥±Éµ·¨¨ (z(H) = 2 · 104 
A)
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‚¨¤´µ, ÎÉµ ¶·¨ ¢¸¥Ì ¢Ò¡· ´´ÒÌ §´ Î¥´¨ÖÌ · ¤¨Ê¸  r É¥³¶¥· ÉÊ·  ·¥-
Ï¥É±¨ ´¨±¥²Ö ¨ É¥³¶¥· ÉÊ·  ·¥Ï¥É±¨ ¢µ²ÓË· ³  ¶·¨ µ¶·¥¤¥²¥´´ÒÌ ¢·¥³¥´ Ì
³µ¦¥É ¶·¥¢ÒÏ ÉÓ É¥³¶¥· ÉÊ·Ê ¶² ¢²¥´¨Ö ± ± Tmelt,N ´¨±¥²Ö, É ± ¨ Tmelt,W

¢µ²ÓË· ³ .

‡�Š‹�—…�ˆ…

‚ · ¡µÉ¥ ´  µ¸´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±¨ ¢ ¤¢Ê¸²µ°´ÒÌ ³ É¥·¨ ² Ì. ‚Ò¶µ²´¥´ Î¨¸²¥´´Ò°  ´ ²¨§ ÉµÎ´µ¸É¨
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 ¤¢Ê¸²µ°´µ£µ ³ É¥·¨ ²  Ni(2 ³±³)/W ¨µ´ ³¨ ¢¨¸-
³ÊÉ  ¸ Ô´¥·£¨¥° 710 ŒÔ‚ ³µ£ÊÉ ¶·µ¨¸Ìµ¤¨ÉÓ Ë §µ¢Ò¥ ¶¥·¥Ìµ¤Ò: ¶² ¢²¥´¨¥ ¢
µ¡µ¨Ì ¸²µÖÌ,   ¨¸¶ ·¥´¨¥ Éµ²Ó±µ ¢ ¶¥·¢µ³ ¸²µ¥.

2. �  µ¸´µ¢¥ ¶µ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éµ¢ ³µ¦´µ ¢Ò¤¥²¨ÉÓ Ì · ±É¥·´Ò¥ · §-
³¥·Ò µ¡² ¸É¥° ¸ Ë §µ¢Ò³¨ ¶¥·¥Ìµ¤ ³¨. �µ¢¥·Ì´µ¸ÉÓ Ê·µ¢´Ö É¥³¶¥· ÉÊ·Ò,
· ¢´µ° É¥³¶¥· ÉÊ·¥ ¶² ¢²¥´¨Ö, ±µÉµ· Ö ¨³¥¥É ¢¨¤ Í¨²¨´¤·¨Î¥¸±µ£µ ¶ · ¡µ-
²µ¨¤ , ¤µ¸É¨£ ¥É ³ ±¸¨³ ²Ó´µ£µ · §³¥·  Dmelt

max

∣∣
z=0

� 222 
A,

Dmelt
max

∣∣
z=2·104 
A � 219 
A, Zmelt

max

∣∣
r=0

� 7,2 · 104 
A. �·µÍ¥¸¸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 Devap

max |z=0 � 149 
A,
Devap

max |z=2·104 
A � 147 
A.
3. �·¨ ·¥Ï¥´¨¨ ¸¨¸É¥³Ò Ê· ¢´¥´¨° (11)Ä(12) ¶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,1 − Ti,1) ³¥´Ö¥É §´ ± (´ ¶·¨³¥·, Te,1 = Ti,1 ¤²Ö ÉµÎ±¨ r = 0, z = 0
¶·¨ t = 0, 245 · 10−13 ¸ ¨ Te,2 = Ti,2 ¤²Ö ÉµÎ±¨ r = 0, z = 2 · 104 
A ¶·¨
t = 0, 546 · 10−13 ¸), É. ¥. ¶·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 05-01-00645-  ¨ º 03-01-00657.
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